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PREFACE 


Physical and chemical studies of the earth and planets along with their surroundings 
are now developing very rapidly. As these studies are of essentially international charac- 
ter, many international conferences, symposia, seminars and workshops are held every year. 
‘To publish proceedings of these meetings is of course important for tracing development of 
various disciplines of earth and planetary sciences though publishing is fast getting to be 
an expensive business. 

It is my pleasure to learn that the Center for Academic Publications Japan and the 
Japan Scientific Societies Press have agreed to undertake the publication of a series ‘“‘Ad- 
vances in Earth and Planetary Sciences’? which should certainly become an important 
medium for conveying achievements of various meetings to the academic as well as non- 
academic scientific communities. It is planned to publish the series mostly on the basis 
of proceedings that appear in the Journal of Geomagnetism and Geoelectricity edited by 
the Society of Terrestrial Magnetism and Electricity of Japan, the Journal of Physics of 
the Earth by the Seismological Society of Japan and the Volcanological Society of Japan, 
and the Geochemical Journal by the Geochemical Society of Japan, although occasional 
volumes of the series will include independent proceedings. 

Selection of meetings, of which the proceedings will be included in the series, will be 
made by the Editorial Committee for which I have the honour to work as the General 
Editor. I and the members of the Editorial Committee will certainly welcome any sug- 
gestions that will promote the series. Whenever the convener of a meeting related to 
earth and planetary sciences is in a position to have to look for a medium for publishing 
the proceedings please contact us. 


Tsuneji Rikitake 
General Editor 
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PREFACE TO VOLUME 6 


An international geodynamics conference was held on the 13th to 17th of March, 
1978 in Tokyo as a part of the activities of the Geodynamics Project. The Geodynamics 
Project is an international programme of research on the dynamics and dynamic history 
of the Earth with emphasis on deep-seated foundations of geological phenomena. This 
includes investigations related to movements and deformations, past and present, of the 
lithosphere, and all relevant properties of the Earth’s interior and especially any evidence 
for motions at depth. The programme is an interdisciplinary one, coordinated by the 
Inter-Union Commission on Geodynamics (I.C.G.) established by the I.C.S.U. at the 
request of I.U.G.G. and I.G.S.,U. with rules providing for the active participation of all 


interested I.C.S.U. Unions and Committees. 
The Tokyo Conference consisted of two parts. The organization of the Conference 


was as follows: 


Parts). 
Geodynamics of the Western Pacific-Indonesian Region 
Convenor: S. Uyeda (Tokyo) Co-convenor: R. Murphy (Houston) 
Payee dole 
Physics and Chemistry of Magma Genesis 
Convenor: K. Yagi (Sapporo) Co-convenor: S. Akimoto (Tokyo) 
Organizer: Inter-Union Commission on Geodynamics, Working Group I (Geodynamics 
of the Western Pacific-Indonesian Region: chairman, S. Uyeda) and Working Group 
5 (Properties and Processes in the Earth’s Interior: chairman, O.L. Anderson) 


Local Organizing Committee: 
Chairman: T. Asada (Tokyo) Secretary General: K. Kobayashi (Tokyo) 


Co-sponsored by: 
International Association of Seismology and Physics of the Earth’s Interior (IASPEI) 
International Association of Volcanology and Chemistry of the Earth’s Interior 
(IAVCEI) 
International Association of Physical Science of Ocean (IAPSO) 
International Union of Geological Sciences—Commission on Experimental Petrology 
at High Temperatures and Pressures (I(UGS-CEP) 
Science Council of Japan 
Supported by: 
The Japan Society for the Promotion of Science 
The Seismological Society of Japan 
The Volcanological Society of Japan 
The Oceanographical Society of Japan 
The Society of Terrestrial Magnetism and Electricity of Japan 
The Geodetic Society of Japan 


The Geological Society of Japan 
The Japanese Association of Mineralogists, Petrologists and Economic Geologists 


The Mineralogical Society of Japan 

The Geochemical Society of Japan 

Japan Association for Quaternary Research 
Japan Geothermal Energy Association 


The Conference was held at the Science Council of Japan, Tokyo, where sessions of 
the two parts were run simultaneously. The Conference was attended by approximately 
300 scientists, including 100 overseas participants from over 17 nations. 

At the present stage of solid earth science, great interest is focused on the tectonics of 
the Western Pacific and Indonesian Region. The interest is indeed two-fold: the tectonics 
of the oldest part of the ocean floor and that of the subduction zones of great complexity. 
The exposition of papers and succeeding discussions were naturally extremely lively. 

The present volume is the collection of some of the papers presented to Part I, the 
proceedings of Part II being published in a volume of the Bulletin Volcanologique. 

Since some important papers are published elsewhere and hence unable to be included 
in this volume, the number of papers dealing with the Japanese area in this volume became 
somewhat disproportionately large for the title of the volume. We, however, preferred 
to keep the original title of the Conference for this volume. 

We are grateful to the Ministry of Education, Science and Culture of Japan for its 
continuous financial support to the Geodynamics Project as well as the organization of 
this Conference and publication of this volume. Financial support to this Conference by 
the Japan Society for the Promotion of Science, Inter-Union Commission on Geodynamics 
and U.N.E.S.C.O. is greatly appreciated. 

We would like to express our hearty thanks to the contributors to this volume and to 
Mr. K. Oshida of the Center for Academic Publications, Japan, for his assistance in com- 
piling this volume. Our thanks are also due to those colleagues who kindly reviewed the 
papers. Lastly on behalf of the Local Organizing Committee of the Conference, we 
would like to thank ESSO Sekiyu K.K. and Amoco Japan Exploration Co. for their 
generous financial assistance to the post-conference field excursion to the Izu-Hakone- 
Oshima volcanic area. 


Seiya Uyeda 
Richard Murphy 
Kazuo Kobayashi 
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PLATE TECTONIC EVOLUTION OF NORTH PACIFIC RIM 


William R. Dickinson 


Geology Department, Stanford University, Stanford, California, U.S.A. 
(Received May 22, 1978) 


The North Pacific Rim is a segment of the circum-Pacific orogenic belt lying along the 
great circle between Mesoamerica and Indochina. Paleotectonic reconstructions rely upon 
integration of information about rocks exposed on land, crustal thicknesses, paleolatitudes 
of crustal blocks, sediment layers cored at sea, and geomagnetic anomalies. Continental 
margins have been modified by accretion of oceanic materials during subduction, suturing 
of continental blocks by collision, and opening or trapping of marginal seas. Prior to the 
breakup of Pangaea, a vast Paleopacific seafloor was built by spreading coeval with the sub- 
duction that elsewhere assembled Pangaea. After the breakup of Pangaea, circum-Pacific 
subduction accreted deformed increments of the Paleopacific seafloor to the edges of con- 
tinental blocks now along the North Pacific Rim. Cretaceous crustal collisions closed the 
North Pacific Rim and isolated the Arctic Ocean. Paleogene accretion of the continental 
Okhotsk block caused subduction to shift from the Bering shelf edge to the Aleutian chain. 
The elbow in the Emperor-Hawaii hotspot track records a change in Pacific plate motion 
at about the same time. Current circum-Pacific arcs include east-facing island arcs and 
west-facing continental arcs in a consistent pattern that implies net westward drift of con- 
tinental lithosphere with respect to underlying asthenosphere. 


1. Introduction 


The northern margin of the Pacific Ocean extends from Central America on the east 
to wine Philippine Sea on the west, and has the Bering Sea at its northern extremity. This 
North Pacific Rim lies along a global great circle upon which Japan and California are 
spaced about 90° apart. A continuation of the same great circle down the western side 
of the Americas leads to Chile, which lies about the same angular distance from California 
as does Japan. In the study of circum-Pacific tectonics, we must thus apply to the geol- 
ogy of the North Pacific Rim the same kind of integrated view that we should apply also 
to the western Cordilleras of the Americas. For example, British Columbia, Alaska, and 
Kamchatka form a single continuous segment of the circum-Pacific belt as surely as do the 
Latin American countries from Mexico through Columbia to Ecuador and Peru. 

The purpose of this paper is to review the general status of our understanding about 
the plate tectonic history of the North Pacific Rim. Many details of present knowledge 
are omitted to allow a focus on broad relationships. My interest in the questions discussed 
was stimulated especially by my trip to Japan in 1976 as a visitor at the Earthquake Re- 
search Institute of the University of Tokyo, where I was a participant in the scientist 
exchange program sponsored by the American Geophysical Union and supported by the 
U.S. National Science Foundation under the U.S.-Japan Cooperative Science Program 
in liaison with the Japan Society for the Promotion of Science. My subsequent work 
was supported by the U.S. National Science Foundation with Grants EAR75-14568 and 


EAR77-27542. 
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2. Overview 

The present configuration of the Pacific borders of North America and Eurasia, and 
the present geologic relationships of rock assemblages within the continental margins, 
is the result of long-continued processes of tectonic evolution within the circum-Pacific 
orogenic belt. Valid paleogeographic and paleogeologic reconstructions of these lands 
that are now part of the North Pacific Rim must be based on the integration of several 


kinds of data: 
a) distribution and age of diagnostic rock assemblages mapped on land, 


b) varying crustal thicknesses on land and at sea, 
c) paleomagnetic data on paleolatitudes for different continental blocks, 
d) patterns of geomagnetic anomalies on the deep-sea floor, 


e) information on sediment thicknesses and facies from deep-sea drilling. 

Data from the deep sea applies directly only to times since the mid-Mesozoic, for no 
pre-Jurassic seafloor is known in the Pacific Ocean. In common with those in the Atlantic 
and Indian oceans, Pacific seafloor anomalies thus provide some record of events since the 
breakup of Pangaea, but not before. 

The major types of tectonic events that have affected the Pacific Rim since the Meso- 
zoic breakup of Pangaea include: 

a) the subduction and accretion of oceanic materials during plate consumption at 

various bounding trenches, 

b) the collision and suturing of microcontinental blocks against the surrounding 

continental margins, 

c) the opening of interarc basins to form or expand marginal seas lying mainly on 

the western side of the open ocean, 

d) the cancellation of spreading centers (or belts) by rise-trench encounters occur- 

ring mainly on the eastern side of the ocean, 

e) the development of marginal and intracontinental transforms causing strike slip 

either longitudinal or transverse to associated continental margins. 

Prior to the breakup of Pangaea, the world ocean Panthalassa was mainly a paleo- 
Pacific realm (Dickinson, 1977a, b), and the Tethys Sea can be regarded as a gulf of the 
Paleopacific Ocean (Fig. 1) during Permo-Triassic time. In Permo-Carboniferous 
time, the earlier assembly of Pangaea (Irvinc, 1977) presumably required subduction of 
ocean floor to allow Laurasia and Gondwana to be sutured together west of the Tethyan 
gulf. Late Paleozoic subduction can be inferred along both the Hercynian-Variscan 
(and Appalachian-Ouachita) orogenic belts of Laurasia and the Gondwanide-Tasmanide 
orogenic trend of Gondwana (see Fig. 1). Coeval spreading within the Paleopacific 
Ocean was presumably required to maintain a global mass balance. Subduction at 
continental margins facing the Paleopacific Ocean was apparently not required prior to 
the later breakup of Pangaea. 

The oldest granitic components in batholiths of the circum-Pacific orogenic belt 
do not date much beyond about 200 my, which was near the Triassic-Jurassic boundary. 
This fact suggests that the present regime of subduction beneath continental margins now 
facing the Pacific Ocean was not established before about mid-Triassic time. Since then, 
circum-Pacific and Alpine-Himalayan subduction have been paired in time with open- 
ing of the Atlantic and Indian oceans. Widespread mid-Carboniferous to mid-Triassic 
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Fig. 1. Inferred Triassic world map (Mercator projection) 
showing Pangaea and the large Paleopacific Ocean. 
Japan is restored against Eurasia but remnant oceans 
within Eurasia are not shown (Indonesian islands de- 
picted in present configuration for orientation only). 
From Dickinson (1977b). 


oceanic facies exposed now within the circum-Pacific orogenic belt of the North Pacific 
Rim apparently represent deformed increments of the old Paleopacific seafloor now 
incorporated into the margins of continental blocks. ‘They were accreted tectonically 
to the edges of North America and Eurasia by Mesozoic subduction as seafloor spreading 
generated younger Pacific seafloor farther offshore. No vestige of the once vast Paleo- 
pacific seafloor remains within the confines of the present Pacific Ocean. 

The enclosed outline of the North Pacific Rim did not attain its present overall shape 
until the closure of late Mesozoic suture belts welded the Eurasian and American con- 
tinental blocks together across the Alaska-Bering-Yakutia region (CHuRKIN, 1972). Full 
details of this complex process will not be known until the plate tectonic evolution of the 
Arctic Ocean is better documented. 


3. Current Tectonics 


Figure 2 is a sketch map showing key tectonic features of the North Pacific Rim and 
the adjacent Pacific Ocean. Volcanic chains that mark active magmatic arcs stand paral- 
lel to active subduction zones at trenches, but are absent elsewhere around the periphery 
of the ocean. Young seafloor marks the crests of active midoceanic rises and forms the 
floor of active interarc basins. ‘The Emperor Seamounts chain and the Hawaiian Ridge 
form linked segments of a hotspot track generated by the hotspot now beneath Hawaii 
(Morean, 1972). The Emperor-Hawaii elbow evidently records a marked change in 
the motion of the Pacific plate with respect to the hotspot about 40 mybp (DALRYMPLE 
and CLacuE, 1976). 

On Fig. 2, Japan and California appear to lie on opposite sides of an intervening ocean, 
but this erroneous impression reflects distortion that is inherent in the customary Mercator 
projection used as a base map. In reality, the North Pacific Rim is a belt that approxi- 
mates a great circle (see Fig. 2, inset). Figure 3 is a tectonic sketch map showing much 
the same information as Fig. 2, but drawn using a projection upon which that great circle 
plots as a straight line. Japan and California are thus shown correctly as lying on the 
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Fig. 2. Current tectonic elements of the North Pacific Rim and the northern Pacific Ocean shown 
on a standard Mercator projection. Seafloor ages modified after Prrman et al. (1974) and H1LpE 
et al. (1977). American-Eurasian plate boundary after CHAPMAN and SoLtomon (1976). 
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Fig. 3. Current tectonic framework of the North Pacific 
Rim plotted on a projection showing that segment of the 
circum-Pacific great circle as a linear belt bordering the 
northern Pacific Ocean. Double line denotes Atlantic 
spreading center; subduction zones shown as on Fig. 2. 


same continuous margin of the Pacific Ocean. The ocean in reality has no “sides” 


because its whole periphery approximates the great circle that delimits the watery hemi- 
sphere of the earth. 


Nevertheless, Figs. 2 and 3 both reflect a distinct east-west asymmetry in Pacific 
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tectonics (NELSON and Tempte, 1972). In the open ocean, spreading centers lie well to 
the east of the central meridian within the oceanic region. The continental margins with 
subduction zones also have different characters. On the western “side” of the ocean, 
east-facing island arcs are associated with marginal seas formed by interarc spreading. 
On the eastern “side” of the ocean, west-facing magmatic arcs stand on the edges of intact 
continental blocks. These differences imply some fundamental distinction between sub- 
duction systems where seafloor is being subducted either eastward or westward beneath 
continental margins that have generally meridional orientations. 


4. Backarc Behavior 


Although the rates of tectonic and sedimentary accretion vary in the forearc region 
between the trench and the volcanic chain, evolutionary trends are similar in all arc- 
trench systems (Dickinson, 1973a). In the backarc region, however, two opposite 
extremes of behavior are noted (Dickinson, 1972, 1973b, 1974a, b): 

a) Behind some intra-oceanic arcs, seafloor spreading within an interarc basin 
widens the marginal sea that separates the island arc from the nearby continental margin; 
this process involves separation of lithosphere and upwelling of asthenosphere to form new 
oceanic lithosphere in the backarc region. 

b) Behind some continental-margin arcs, fold-thrust belts form a subsidiary moun- 
tain chain that rises between the volcanic chain and the adjacent continental interior; 
this process involves contraction of lithosphere, crustal thickening within the mountain 
belt, and the development of a retroarc foreland basin on a depressed part of the con- 
tinental block in the backarc region. 

For a third and intermediate style of backarc behavior, neither process occurs. 

Several workers have discussed the probable plate motions associated with backarc 
spreading and backarc thrusting (HAVEMANN, 1972; Hynpman, 1972; Moserty, 1972; 
Witson and Burke, 1972). In general, advective heat flow associated with arc magmatic 
activity apparently softens the lithosphere along the trend of the arc, and thus allows litho- 
sphere in the backarc region to move independently of the narrow sliver of lithosphere 
occupying the band between arc and trench. The arc structure itself remains in. place 
above the descending slab of lithosphere being subducted. ‘The sliver plate in the arc- 
trench gap is thus constrained to maintain its position relative to the flexure where litho- 
sphere bends at the subduction zone to descend into the mantle. Meanwhile, backarc 
lithosphere is able to shift position with respect to that flexure. 

Two fundamental causes of relative motion between the backarc lithosphere and the 
flexure in the subducted slab of lithosphere have been suggested (e.g., MOLNAR and 
Atwater, 1978; Uyepa and Kanamort, 1979): 

a) One mechanism considers the tendency of the descending slab to sink into the 
asthenosphere. Where the sinking slab is old and thick, with a high bulk density, the 
rate of sinking is fast in relation to the rate of plate convergence across the arc-trench 
system; the flexure in the descending slab thus tends to migrate oceanward, and backarc 
spreading accommodates the resulting extension as the arc-trench system pulls away from 
backarc lithosphere. Where the sinking slab is young and thin, with a low bulk density, 
the rate of sinking is slow in relation to the rate of plate convergence across the arc-trench 
system; the flexure in the descending slab thus tends to migrate landward, and backarc 
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thrusting accommodates the resulting contraction as the arc-trench system presses against 
the backarc lithosphere. 

b) The other mechanism considers potentially independent motions of the backarc 
lithosphere with respect to underlying asthenosphere. The descending slab is held to 
anchor the arc-trench system with respect to the part of the asthenosphere into which 
the slab is being inserted. Backarc spreading then occurs where backarc lithosphere is 
skidding away from the flexure in the descending slab, and backarc thrusting occurs where 
backarc lithosphere is skidding toward the flexure in the descending slab. 

The two mechanisms are not mutually exclusive, and each may serve to reinforce or 
counteract the effect of the other in a particular case. 

A census of modern arc-trench systems (Fig. 4) shows that backarc spreading is char- 
acteristic of those that face eastward (subduction downward to the west), whereas backarc 
thrusting is most widespread in those that face westward (subduction downward to the 
east). Although “neutral” systems that lack either backarc spreading or backarc thrust- 
ing are known to face both eastward and westward, they are most typically southward- 
facing (northward-facing arcs are absent on the modern earth). Consequently, backarc 
spreading is typical for arcs along the western periphery of the Pacific and backarc thrusting 
is common for arcs along the eastern periphery of the Pacific. Figure 5 is a schematic 
diagram of standard relations across the modern Pacific. 

The east-west dichotomy of current arc behavior and the east-west asymmetry of the 
modern Pacific Ocean may be wholly fortuitous products of plate motions that are cur- 
rently suitable for that pattern but are directionally random over the long term. How- 


Plate Tectonic Evolution of North Pacific Rim 7 


EAST- FACING WEST- FACING 
ARC- TRENCH ARC- TRENCH 
SYSTEM "ASYMMETRIC OCEAN" SYSTEM 

CONTINENTAL INTERARC TeRve 

OCEANIC MIDOCEAN CONTINENTAL THRUST 


LITHOSPHERE BASIN LITHOSPHERE RIDGE 


STEEP DESCENT OF 
THICK-OLD- DENSE UPWELLING 


SLAB OF 
LITHOSPHERE ASTHENOSPHERE 


ASTHENOSPHERE 
MOTION RELATIVE nay, 
TO LITHOSPHERE 


(ANCHORED SLAB) 


SHALLOW DESCENT 
OF THIN-YOUNG SLAB 


Fig. 5. Diagram showing characteristic east-west asymmetry 
of placement of midoceanic rise and east-west dichotomy 
of backarc behavior. See text for discussion. 


ever, several workers have suggested that the present relationships are the systematic 
result of net shear between lithosphere and asthenosphere (Bosrrom, 1971; KNoporr and 
LrEps, 1972; Moore, 1973). Such shear may be inherent between these two loosely 
coupled layers of the outer earth as the rotation of the earth decelerates. Westward lag 
of the lithosphere layer above asthenosphere that rotates faster could account for both the 
dichotomy of arc behavior and the asymmetry of the ocean (see Fig. 5): 

a) For east-facing subduction zones (subduction downward to the west), backarc 
lithosphere would move away from the arc-trench system, which would be anchored by 
a steepened slab. 

b) For west-facing subduction zones (subduction downward to the east), backarc 
lithosphere would move toward the arc-trench system, which would be anchored by a 
slab being entrained beneath overriding lithosphere. 

c) Gradual eastward migration of midocean rises relative to bounding continental 
margins might occur in response to the interaction between asthenosphere and the portions 
of plates of lithosphere that are inserted into the asthenosphere as descending slabs. 
West-facing continental margins would tend to override and entrain eastward-subducting 
plates, and thus to encroach upon the eastern flanks of midocean rises. Slabs of differing 
age, thickness, and consequent negative buoyancy would thus come to descend on eastern 
and western borders of the ocean. The contrast would be such as to reinforce the behav- 
ioral tendencies established for east-facing and west-facing arc-trench systems (see Fig. 5). 
Moreover, interaction between lithosphere and asthenosphere would help to steepen the 
angle of descent of westward-subducting plates and to press the zone of plate flexure away 
from associated east-facing continental margins, whereas the angle of descent of eastward- 
subducting plates could be reduced and their zones of flexure pressed toward associated 
west-facing continental margins. 

The relationships depicted by Fig. 4 seem too clearcut to be wholly coincidental, and 
hence suggest that the rotational effects are real. 


5. Late Cenozoic Tectonics 

For tectonic reconstructions during the Cenozoic, the key feature in the northern 
Pacific Ocean is the Emperor-Hawaii hotspot track (Figs. 2, 3). During the past 40 my, 
the Hawaiian Ridge has been generated by movement of the Pacific plate over the Hawaii 
hotspot at an essentially constant rate (DALRYMPLE ef al., 1977). Figure 6 shows inferred 
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relationships in the northern Pacific Ocean during that time span. Prior to 40 mybp, back 
to about 70 mybp, movement of the Pacific plate over the Hawai hotspot at a similar rate, 
but in a more northerly direction, generated the Emperor Seamounts. Both paleomagnet- 
ic and paleoecologic data confirm the requisite northward motion of the seamounts during 
the Cenozoic (MARSHALL, 1978; GREENE ¢¢ al., 1978). 
Figure 6 indicates that the existence of the Meiji sediment tongue of Neogene terrige- 
nous clay (ScHott et al., 1977) cannot be used as a valid argument against such motion 
of the Pacific seafloor. The area near Meiji seamount has occupied positions close to 
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Fig. 6. Sketch maps showing key tectonic elements in the 
northern Pacific Ocean at present (above) and 40 mybp 
(below). Approximate position of Emperor Seamount 
chain is shown also at 22.5 mybp (Oligocene-Miocene 
boundary) on each plot. Rates of generation of Hawaiian 
and Pratt-Welker hotspot tracks modified after DuNcAN 
and McDougeatt (1976), JARRARD and CLacue (1977), 
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sediment sources along the Aleutian Ridge since the sediment tongue first began to form. 
However, the restored position of the Aleutian abyssal plain is problematical (MARLOW 
et al., 1973; ScHou et al., 1975, 1977), because the source terrane for its mid-Cenozoic 
turbidites lay somewhere along the continental margin between Vancouver Island and 
Kodiak Island (Stewart, 1976). The reconstruction of Fig. 6 implies that unsuspected 
complexities in the configuration of plate boundaries may have existed in the northeastern 
corner of the mid-Cenozoic Pacific. ByRNE (1978) has recently argued that the Kula- 
Pacific spreading center ceased operating about 57.5 mybp. If this idea is confirmed, 
the Kula plate is incorrectly included in Fig. 6 (below) for 40 mybp, and no plate boundary 
would have been present to block the delivery of mid-Tertiary turbidites from sources 
along the northeastern margin of the Pacific to the Aleutian abyssal plain on the Pacific 
plate. 

In the western Pacific, interarc seafloor spreading (Karic, 1970) behind east-facing 
island arcs has opened the Sea of Japan (Matsupa and Uyepa, 1971; Sr_urror, 1977) 
and broadened the Philippine Sea (Tomopa et al., 1975; Warrs et al., 1977) since the 
early Cenozoic. Figure 7 shows the changing configuration of island arcs within this 
region during the time span represented by Fig. 6. At 40 mybp, the Marianas frontal 
arc and the Palau-Kyushu remnant arc were united as a single ancestral island arc (Kari, 
1971). Past plate configurations in the area of the Philippine Islands are problematical 
(Karic, 1973). In Taiwan and the Ryukyus along the western side of the Philippine 
Sea, no subduction was underway in the middle parts of the Cenozoic (Murpuy, 1973). 
Complex strike slip is implied for the Sakhalin region during formation of the Sea of Japan, 
but the restoration depicted in Fig. 7 is schematic only. 

Along the American border of the North Pacific (Fig. 8), the major events during 
the late Cenozoic were (a) ridge or rise subductions that occurred as the asymmetry of 
the ocean basin was accentuated by consumption of the Kula plate and most of the Farallon 
plate, (b) generation of the San Andreas and Queen Charlotte transform systems as the 
Pacific plate came into contact finally with the American plate, and (c) development of 
the extensional Basin and Range province by incipient disruption of the American plate 
in the region adjacent to the San Andreas transform. 
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6. Rise- Trench Encounter 


So-called ridge or rise subduction is better described as rise-trench encounter. Gener- 
ation of new lithosphere is the dominant process at a rise or ridge crest, but can occur 
only near the surface of the earth. Only there does plate separation involve the kind of 
pressure release required to trigger partial melting of the asthenosphere on a large scale, 
and only there can heat loss be rapid enough to chill upwelling material sufficiently to 
form new lithosphere. When a rise and a trench meet after the intervening plate has been 
consumed, the zone of plate separation that is marked by a discrete ridge crest at the surface 
will no longer form such a discrete belt where it becomes subterranean. The overall plate 
kinematics do require that the wholly consumed plate descend into the mantle faster than 
the plate on the other side of the rise or ridge crest (else no plate separation occurs!). As 
the zone of separation between the two is drawn into a subterranean position, however, 
it is marked by a broad and expanding region of sublithospheric mantle upwelling, and 
not by a belt of steady-state width where new lithosphere is created, as would occur at the 
surface. 

Rise-trench encounter can cause two different but related results depending upon 
whether the plate beyond the rise or ridge crest is subducted or not following the encounter: 

a) Where it is subducted, as happened along the Aleutian trench following a mid- 
Cenozoic encounter with the Kula-Pacific ridge (DELON et al., 1978), several distinct 
but simultaneous events punctuate the geologic history of the arc-trench system. These 
serve to record the rise-trench encounter as a discontinuity in the evolution of the Aleutian 
Ridge. The genetically related effects stem either from the temporary absence of a de- 
scending slab beneath the arc-trench system, or from the high heat flow and thermal ex- 
pansion imposed across the arc-trench system while the cold subterranean slab was absent 
(DeLonc and Fox, 1977). The changing thermal regime was reflected by an episode of 
broad uplift affecting the whole arc-trench system, and by a pulse of metamorphism at 
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crustal levels. A temporary cessation of arc magmatism extinguished the volcanic chain 
while no subducted slab was present. 

b) Where it is not subducted, the trench is converted to a transform like the modern 
San Andreas, which lengthens as the triple junctions at either end migrate away from one 
another. In this case, a gradually expanding region that lacks a subducted slab develops 
in a triangular form adjacent to the transform (Dickinson and Snyper, 1979b). This 
no-slab region occupies the space above a gradually enlarging window or hole in the de- 
scending slab. Arc magmatism is extinguished where a descending slab is absent, and 
upwelling of asthenosphere to occupy the slab-window can contribute also to uplift and 
extensional tectonics within a region of triangular shape adjacent to the transform. Figure 
9 depicts these relationships for the San Andreas transform system and the Basin-and- 
Range province adjacent to it. Note the following geometric relationships shown: (a) 
the gradual shortening of the Cascades volcanic arc as the expansion of the no-slab region 
above the slab-window in the descending Farallon plate expanded to extinguish the 
southern extension of the arc in progressive fashion through the Neogene, (b) the overall 
coincidence between the inferred extent of the modern no-slab region and the known extent 
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of uplifted and block-faulted continental crust underlying the Basin-and-Range province 
and Colorado Plateau where mantle upwelling through the slab-window is to be expected, 
and (c) the manner in which the site of the San Andreas transform boundary between 
Pacific and American plates has shifted gradually inland from an original position near 
the continental slope to its present location along the San Andreas fault proper. 

In either scenario for events that follow rise-trench encounter, thermal effects near 
triple junctions that terminate rise crests at the trench may promote anatectic melting of 
otherwise cold subduction complexes (MarsHak and Karic, 1977). This effect can give 
rise to magmatism at sites anomalously close to the trench. Small plutons and volcanic 
fields of Cenozoic age in the coastal regions of California, Alaska, and Japan may all stem 
from this potential effect of rise-trench encounter. 


7. Early Cenozoic Tectonics 


Latest Cretaceous and earliest Cenozoic tectonics in the western Cordillera of North 
America were dominated by the Laramide Orogeny. In the central part of the Cordillera 
where the deformation was most characteristic, fault-bounded uplifts and intervening 
sediment-filled depressions developed across a broad arc massif that was essentially dormant 
magmatically. This style of diastrophism occurred during the period from 70 to 40 mybp, 
and was most intense at about 55 mybp in the Wyoming and Colorado Rockies. The 
classic Laramide orogenic style, essentially amagmatic with basement involvement in 
contractional structures, can be attributed to underthrusting of a subducted plate at a low 
angle beneath the continental plate (Conry, 1976, 1978). This inference is based on 
the areal distribution of subduction-related igneous suites having varied alkalinity and 
potassicity (Lipman ef al., 1971). This shallow mode of plate consumption contrasts with 
the more normal steep mode that generates arc magmatism (see Fig. 10). Where the 
descending plate dives steeply into the asthenosphere, magmas are generated (BARAZANGI 
and Isacxs, 1976), and a standard type of arc orogen develops. Where the descending 
plate scrapes along beneath the overriding plate, magmatism is suppressed and buckling 
of the overriding plate causes the basement-cored uplifts of a Laramide-style orogen 
(Dickinson and Snyper, 1978). 

Pacific asymmetry that dictates the presence of spreading centers in comparative 
proximity to the American coasts means that relatively young lithosphere is subducted 
beneath the Americas (see Fig. 8). Plate buoyancy may thus commonly promote Lara- 
mide-type phases of evolution for west-facing American arc massifs, whereas similar de- 
formation may never or seldom affect east-facing Eurasian island arcs. In this sense, 
Laramide-style deformation is akin genetically to backarc thrusting and is incompatible 
with backarc spreading (Conry, 1972). 

The prominent elbow in the Emperor-Hawaii hotspot track (Figs. 2, 3, and 6) reflects 
an abrupt change in the direction of Pacific plate motion across the Hawaii hotspot at 
about 40 mybp. ‘The movement of a subducting plate is governed mainly by the descend- 
ing slabs attached to it at subduction zones (ForsyrH and Uyerpa, 1975; CHApPLE and 
Tutus, 1977). In effect, the pull of the slab as it falls into the mantle causes the plate to 
skid over the asthenosphere. Consequently, the most direct way to affect the overall 
motion of the Pacific plate is to change the configuration of the subduction zones at its 
boundaries. 


Tectonic relations across northeastern Eurasia between the Bering Sea and the Hok- 
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kaido-Sakhalin region suggest a major change in plate boundaries during the early Ceno- 
zoic. Most of the Sea of Okhotsk is underlain by continental crust at least twice as thick 
as standard oceanic crust (BURK and GNIBIDENKO, 1977). Despite this, a calc-alkalic 
volcano-plutonic belt lay west and north of the present Sea of Okhotsk during the Late 
Cretaceous and early Cenozoic (ZONENSHAIN éf al., 1974). These relations suggest that 
a microcontinental Okhotsk block of unknown origin lodged against the margin of Eurasia 
during the early Cenozoic (Den and Horta, 1973). Previously, an unknown width of 
ocean intervened between Eurasia and the Okhotsk block. 

Figure 11 shows the key relationships of the Okhotsk block in map view. Prior to the 
accretion of the Okhotsk block to Eurasia, the subduction system forming the North Pacific 
Rim lay farther west and north than it does now. The subduction zone lay through 
Taiwan, the Shimanto belt of outer Japan, central Hokkaido, Sakhalin, the Magadan 
coast, and the Koryak Mountains at the root of Kamchatka; thence along the continental 
slope of the Bering Sea and the Shumagin-Kodiak-Chugach trend in southern Alaska. 
The parallel magmatic arc lay in coastal China, peninsula Korea, parts of inner Japan, 
Sikhote-Alin in coastal Primorye, the Okhotsk belt, and northeasternmost USSR; thence 
along the Bering shelf and coastal Alaska. After accretion of the Okhotsk block, subduc- 
tion shifted eastward and southward to the Izu-Mariana arc east of the Philippine Sea, 
the Kuril-Kamchatka arc along the edge of the accreted Okhotsk block, and the Aleutian 
arc south of the Bering Sea. 

The Bering Sea contains north-south geomagnetic anomalies formed at the Kula- 
Farallon plate boundary during the Early Cretaceous (Cooper et al., 1976). ‘This Mesozoic 
seafloor was trapped behind the Aleutian Ridge when subduction and arc magmatism 
jumped from the Bering shelf edge to the Aleutian trend (ScHotu ef al., 1975). Accretion 
of the Okhotsk block directly choked the segment of the pre-accretion subduction zone 
that lay along the Magadan coast parallel to the Okhotsk volcano-plutonic belt, and 
southward through Sakhalin to Hokkaido. Abandonment of the subduction system 
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Fig. 11. Sketch map showing inferred evolution of subduc- 
tion systems before and after accretion of the Okhotsk 
block by crustal collision followed by a subduction jump. 


through the Koryak Mountains and along the Bering shelf edge was evidently an indirect 
effect of Okhotsk accretion. Attachment of the Okhotsk block to Eurasia left the Koryak- 
Bering segment of the pre-accretion subduction zone adjacent to a deep re-entrant in the 
continental margin. Rather than mold itself in a tight flexure following the outline of the 
re-entrant, the Pacific plate apparently broke across the re-entrant to connect post-accre- 
tion subduction along the southeast edge of the Okhotsk block with continuing subduction 
in southern Alaska by way of the newly established Aleutian trend. ‘The oldest well 
dated rocks exposed on the Aleutian Ridge are Eocene (MARLOow et al., 1973), and the 
oldest arc volcanics on Kamchatka are of similar age (AvpEIKo, 1971). The completion 
of Okhotsk accretion was thus timed closely with the change in Pacific plate motion at 
about 40 mybp. ‘The reasons for the initiation of subduction along the Izu-Mariana 
trend to create the Philippine Sea plate are still uncertain (UyEDA and BEN-AvRaHAM, 
1972; Uyepa and Mryasuiro, 1974), but the oldest arc volcanics in the Marianas are 
also Eocene. Termination of Laramide deformation in the North American Cordillera 
and of subduction in the Greater Antilles is even more difficult to relate to either the accre- 
tion of the Okhotsk block or the formation of the Emperor-Hawaii elbow, but these other 
events also took place at about 40 mybp (Coney, 1971). Some linkage of plate interac- 
tions throughout the North Pacific region is seemingly implied by the widespread signif- 
icance of that date (cf. Conry, 1971). 


6. Crustal Collision- Accretion 


Accretion of exotic crustal blocks to the continental margins that now form the North 
Pacific Rim has occurred repeatedly throughout the Mesozoic and the Cenozoic. Both 
equant microcontinental blocks and elongate island arcs or aseismic oceanic ridges have 
been involved. In both cases, accretion occurs by crustal collision when the buoyancy of 
lithosphere capped by a thick crustal profile resists subduction. The accretion of discrete 
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crustal masses by such crustal collision is a process apart from the incremental accumula- 
tion of a growing subduction complex formed of offscrapings from the seafloor. 

Two main kinds of crustal collision provide accretionary additions to continental 
margins (Fig. 12). In one case, an active island arc collides with a passive continental 
margin, which it partially subducts. The arc structure is thus attached to the continental 
margin. Such an event occurred in Taiwan in the late Cenozoic (Cua, 1972). If the 
overall pattern of plate kinematics induces subduction to resume following such arc-con- 
tinent collision, then subduction beneath the opposite side of the accreted arc structure 
may generate an active continental margin following accretion. 

Such a sequence of events was involved in the onset of circum-Pacific subduction in 
California (Fig. 13). An east-facing island arc of late Paleozoic age collided with the 
Cordilleran margin to produce an episode of Permo-Triassic deformation called the 
Sonoma Orogeny, during which the Havallah-Pumpernickel subduction complex was 
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emplaced across the continental margin as an allochthonous mass atop the Golconda 
thrust (Dickrnson, 1977a). Following accretion of the island arc by crustal collision in 
the mid-Triassic, reversal of arc polarity allowed Jura-Triassic subduction to continue 
along the western side of the accreted arc terrane in the Sierra Nevada foothills (ScHWEI- 
CKERT and Cowan, 1975). This was the earliest inception of the continental-margin 
Cordilleran arc-trench system. 

In the kind of accretion represented by the attachment of the Okhotsk block to 
Eurasia, the continental margin is active and draws a passive block against its bounding 
subduction zone from a position at sea. Following crustal collision, subduction jumps to 
the opposite side of the accreted block. Not only may microcontinental blocks be accreted 
in this way, but also dormant island arcs, oceanic seamount chains, and aseismic oceanic 
ridges (Dickinson, 1976). Extensive terranes in the Cordillera of North America have. 
been accreted in this general fashion. 

Figure 14 depicts inferred crustal relations along a generally east-west profile across 
the Hidaka collision orogen in Hokkaido. During the early Cenozoic, a southern extrem- 
ity of the Okhotsk block was sutured against a western terrane then attached to Eurasia 
prior to the opening of the Sea of Japan. Prior to collision, the Cretaceous and early 
Cenozoic orogen was an east-facing arc-trench system on the Eurasian mainland (OKapa, 
1974). Clastics shed eastward from the igneous terrane to the west fill an old forearc 
basin where they rest on ophiolitic rocks. This ophiolitic substratum is tilted up and 
faulted against strongly deformed but weakly metamorphosed oceanic facies representing 
the subduction complex. Along a fault contact interpreted here as the main suture belt, 
these strata are in contact with a belt of amphibolites, gabbros, migmatites, and gneisses 
(Hasuimoto, 1975). These strongly metamorphosed rocks are taken here to be part of 
the basement of the Okhotsk block that lodged against the old subduction zone. Subduc- 
tion then jumped eastward to the new subduction zone along the Kuril trend. During 
the late Cenozoic, sediments were shed westward from the collision orogen to mask parts 
of the old forearc basin. 

Late Mesozoic crustal collisions across the Alaska-Bering-Yakutia region welded 
together for the first time the crustal blocks that form the North Pacific Rim (Fig. 15). 
The positions and ages of the various suture belts involved is not yet well known. Large 
tracts are accretionary collages of oceanic rock assemblages. Closure of the most signifi- 
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Fig. 15. Sketch map showing main crustal sutures joining 
North America and Euasia across the Alaska-Bering- 
Yakutia region to form the North Pacific Rim. 


cant oceanic regions probably occurred between mid-Jurassic and mid-Cretaceous time 
(CuuRKIN, 1972), but some contraction across the region was still underway in the Ceno- 
zoic (PITMAN and TaLwant, 1972). 


9. Review 


The major points made are these: 

1) The North Pacific Rim is a continuous great-circle belt on the globe. 

2) Prominent east-west asymmetry of the Pacific Ocean and systematic east-west 
dichotomy of arc behavior both probably stem from rotational influences on plate tectonics. 

3) Late Cenozoic tectonics around the North Pacific Rim involved mainly the open- 
ing of interarc basins behind east-facing Eurasian arcs and rise-trench encounters at west- 
facing American subduction zones. 

4) The formation of the Emperor-Hawaii elbow at about 40 mybp was roughly 
coeval with accretion of the Okhotsk block to Eurasia by crustal collision and with termina- 
tion of the classic Laramide deformation, which was caused by plate descent at an ab- 
normally shallow angle beneath America. 

5) The North Pacific Rim lacked geographic continuity prior to the late Mesozoic 
closure of remnant ocean basins along suture belts within the land bridge between Amer- 
ica and Eurasia, and even circum-Pacific subduction itself was probably not underway 
prior to the early Mesozoic. 
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Extensive geological and geophysical evidence suggests that numerous fragments of 
continents, miniplates, and so called “island arcs” have been incorporated into the Circum 
Pacific continents. The old rocks exposed on these bodies bear strong evidence for 
continental origins. This leads to the speculation that a large continental mass existed 
once in what is now the Pacific Ocean. This mass—which we call the Pacifica continent— 
could have been part of the Pangea Super Continent, adjacent to Australia and Antarctica. 
When this continent broke into fragments, they drifted toward continental collision in 
South America, North America, Alaska, Kamchatka, Japan and East Asia. Submerged 
platforms in the Pacific Ocean, such as the Ontong Java area, the Shatsky rise, and the 
Manihiki plateau, may also be remnants of Pacifica. The thick crusts of these plateaus, 
with velocities typical of continents, are thus predicted to be continental crusts. 

Although the details of the breakup and collision of Pacifica cannot be resolved very 
well at present, the postulated existence of this continent supports a large generalization: 
We suggest that all spreading centers on earth may originate underneath continental masses. 
Without Pacifica of course, the present day east Pacific rise is without associated continents. 
If continents account for all spreading, it may be because the continental crust acts as ther- 
mal blanket, warming the lower lithosphere and upper asthenosphere. 

Adding to this the further hypothesis and that subducted ridges are responsible for 
back arc rifting and spreading, we obtain the typical trench-continent-ridge sequences, 
containing volcanism, uplifted blocks, metamorphism, and rifting. Multiple collisions 
involving several continental slivers and ridges may result in several consecutive sequences 
juxtaposed on one another. Such complexities with geological record are common in 
belts such as Western North America. 

On the basis of the similarities of (a) the geophysical aspects-seismicity and crustal 
thickness, (b) morphology, and (c) geological complexities, we propose in this paper that the 
circum Pacific mountain belts may be at least in part the result of past continental collisions, 
quite similar to those associated with the Alpine belts. 

The notion of Pacifica and its breakup may provide an explanation for the similarities 
of flora, fauna, and rock sequences in widely separated locations in the mountain belts 
across the Pacific, and may tie in divergent paleomagnetic data. 


Introduction 


There are two puzzling phenomena associated with the crust in the Western Pacific 


Ocean and the Circum Pacific continental margins: (1) the presence of a large number of 
old allochotonous continental fragments throughout the entire Pacific continental rim, 
and (2) submerged thick-crusted platforms, in the Western Pacific Ocean. 
review the evidence for the continental nature of the embedded fragments in the Circum 
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Fig. l(a). The distribution of some of the old continental masses around the Pacific Ocean. The insets a 
and b mark the location of enlarged maps on the bottom. 1, Deseado massif (HERRERO-DucLoux, 1963); 2, 
Patagonian massif (HERRERO-DucLoux, 1963); 3, Pampean massif (HERRERO-DucLoux, 1963) ; 4, small blocks 
in the coastal range of Peru and Chile (James, 1971 a); 5, Gorgona Island and the continental shelf off Colum- 
bia (MacDonatp and Hurtey, 1969; Case e¢ al., 1971; Meyer et al., 1976; Litoyp, 1963; GuzMAN and 
DE CsERNA, 1963); 6, small blocks in the Serrania de Baudo in Columbia (MacDonatp and Hur ey, 1969; 
Caste et al., 1971; Merver et al., 1976; Lioyp, 1963; GuzMAN and DE CsERNA, 1963); 7, Nicoya complex 
in Costa Rica and Panama (MacDona.p and Hur.ey, 1969; Cass et al., 1971; MEvER, et al., 1976; Luoyp, 
1963; GuzMAN and DE CserNA, 1963); 8, Santa Marta Mountain in Columbia (MacDonatp and Hur ey, 
1969; Case et al., 1971; Meyer et al., 1976; Lioyp, 1963; Guzman and DE CsERNA, 1963); 9, small 
block in the Sierra Madre del Sur in Mexico (MAcDoNnALD and Hurtey, 1969; Case et al., 1971; MEYER et 
al., 1976; Luoyp, 1963; GuzMAN and DE Cserna, 1963). Inset a—In the Far East: 17, Kolyma block in 
Siberia (McEvuinny, 1973; Hamizron, 1970); 18, Aldan block in Siberia (McELuinny, 1973; Hamixton, 
1970); 19, Sikhote Alin in Siberia (McEvuinny, 1973; Hamitton, 1970); 20, The Precambrian in Korea 
(Kawai et al., 1969).Jnset b—In northwestern America: 10, Plumas Terrane, Sierra Nevada, California 
(Cuurkin and Epervetn, 1977); 11, Eastern Klamath Mountains (Hamiron, 1969); 12, Hells Canyon 
in eastern Oregon, western Idaho and southeastern Washington (Jones et al., 1977); Suplee-Izee areas, 
central Oregon (CHurRKIN and EBERLEIN, 1977); the Ochoo terrain; 13, San Juan and northern Cascade 
Treanes Butte area and the Juan Island, Washington (CuuRKIN and Eperuein, 1977); 14, Vancouver 
Island (CuurKin and Eservein, 1977); 15, Queen Charlotte Islands (Jones e¢ al., 1977); 16, Alexander 
Archipelago, Alaska (CHuRKIN and EBERLEIN, 1977) and the Wrangell Mountains, Alaska (Jones e¢ al., 
1977). The dashed line in inset b indicates limit of Triassic continental shelf (Jones et al., 1977). 

Fig. 1(b). Submarine plateaus and ridges in the western Pacific Ocean. The dashed line marks the boundary 
between highs which were part of Australia to the south, to those which may be part of Pacifica to the 


north. 
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Pacific, the paleomagnetic and geologic data related to their origins and age. We will then 
reconstruct a possible migration of these fragments with Cenozoic and Mesozoic plate 
motion in the Pacific. Independently, we will review the evidence for the continental 
character of the Western Pacific platforms, which may have originated, like the other 
fragments, in a large, ancient continental mass in the paleopacific—a mass we call Pacifica. 
We will then consider some implications of the Pacifica speculation, among them the origin 
of spreading and nature of continental collision. 


2. Continental Fragments in the Pacific Margins 


In Fig. 1(a) we have summarized evidence in support of past continental masses in 
the Pacific Ocean: Homes (1965) presents a compelling case for late Paleozoic to early 
Tertiary continental landmasses, such as Cascadia and Llanoria, to the west of present- 
day North America (ScHuUCHERT and Dunsar, 1950). The land includes conglomerates 
derived from crystalline Sialic rocks which have since disappeared. Hamitton (1969) 
refined this notion, specifying that ‘‘old arcs presumably have been swept into the (North 
America) continent.” This is necessary to explain, for example, the Klamath-Sierran arc 
geology (BurcHrie, and Davis, 1975; ScHweEIcKERT and Cowan, 1975; ANDERSON, 
1976). Most recently, Davis and Armstrong (in FisHER, 1976) suggested “that the Kla- 
maths were originally some distance off shore to the west and that the Permo-Triassic 
Sonoma Orogeny results from an arc continent collision.” 

Several investigators (MoNnGER and Ross, 1971; Jones et al., 1972; RicHarps, 1974) 
have suggested a large scale collision of Alaska with a continental fragment during Paleo- 
zoic and early Mesozoic, while masses finally coalesced in late Jurassic-early Cretaceous 
time. Hamittron (1969) has proposed that Permian terranes bearing Tethyan fusulinids 
may have formed in the central Pacific, on island arcs which were subsequently swept into 
the North American continent. These North American terranes share Jurassic and Creta- 
ceous faunas and floras with New Zealand, Caledonia, the Antarctica peninsula, and Chile 
(HamiLton, 1969). This is consistent with several paleomagnetic studies which suggest 
that large fragments in the western U.S., Canada, and Alaska were located near the 
equator, perhaps at Triassic times (Symons, 1971; Irvine and YoLe, 1972). HiLLHousE 
(1977) found that tholeiitic flows in the Wrangell mountain area were formed at 15° 
north of the equator during Triassic time. Other paleomagnetic evidence is summarized 
in Table 1. 

Jones et al. (1977) have shown convincingly that a large continental block—Wran- 
gellia—was incorporated into northwestern North American in late Mesozoic time. The 
block or blocks extending over 2,000 km from Alaska to Oregon could not have been 
contiguous to central Alaska in the jurassic period. Warm water Carbonate rocks, with 
no evidence of faunas, have been found at high latitudes in western Canada. This is 
typical of North American or north Asian regions. 

Most remarkably, Jones et al. (1977) have pointed out that the displaced Wrangellia 
block received “enormous quantities of Triassic tholiitic basalts—to become one of the 
largest domains of non oceanic basalts.’’ “Presumably, rifting initiated this volcanism, but 
where it occurred and what was rifted remain enigmatic.” This rifting, as well as the subse- 
quent synchronous subsidence through Wrangellia, could be the result of a pre-Triassic 
continental breakup in the South Pacific. In central and South America, there are nu- 
merous old basement inclusions within the mobile belts, some of which extend well into the 
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Table 1. Paleomagnetic evidence for large scale migration of continental fragments now em- 
bedded in the Pacific margins. 


Region Position and age Reference 
Part of East U. Carb.-Perm.—50° away from com- Creer (in Tarling and Runcorn 
Siberia puted pole; 20° further away from (1970) 
pole 
East Siberia Triassic—Distance to pole ~30° Creer (see above) 


further away than computed. 
Jurassic—Poles coincide. 

Implies a 3,000 km northward 
migration in Triassic time, at 

a rate of 30°/30 my=10 cm/year. 


Sikhote-Alin Permian—50° away from computed McElhinny (in Tarling and 
pole. Runcorn, 1970) 
Cretaceous—10° away from computed 
pole. 


Moved 4,000 km (40°) in ~ 50 my 
or 8 cm/year. 
Kolyma Permo- Triassic—45° away from McElhinny (see above) 
computed pole. 
Cretaceous—5 ° away from computed 
pole. 
Implies a 4,000 km northward 
migration between Permo- 
Triassic and Cretaceous. 


Insular belt, Insular belt has moved 4,000 km Irving and Yole (1967) 
Western Canada northward since Triassic. 
Southern Low paleolatitudes in Triassic 
Alaska time. 
Upper Triassic Nikolai Greenstone Hiniyouse (1977) 


was 15°N or 15°S of paleoequator. 
Thus 3,000 or 6,000 km south of 
computed position. 

Has moved 3,000 or 6,000 km since 
upper Triassic times. 


Ordovic-Pennsilu.—The Prince Jones, Van der Voo, Churkin 
Wales Isl. was at least 25° and Eberlein (1977) 
further south than computed. 
Triassic or Mid Cenozowc—Queen Hicken and Irving (1977) 
Charlotte Isl. has moved north- 
ward 25°. 

Japan Permian—Southern Japan was Minato and Fujiwara (1964) 
situated near the paleoequator, Hattori and Hirouka (in press) 
and drifted northward during Adachi (1976) 


early Permian-late Cretaceous. 


Pacific Ocean itself and suggest past continental accretion. In Argentina, the Pampean, 
Patagonian, and Deseado massifs are composed of igneous and metamorphic rocks, of 
Precambrian and lower Paleozoic age; of unclear origin (HERRERO-DucLox, 1963). The 
Pampean massif, for example, is flanked by continental deposits ranging in origin from the 
Permo-Carboniferous to Tertiary period (HERRERO-Ductox, 1963). We do not know the 
original positions of these massifs, but WinpHAUsEN (1931) and Morrison (1962) have 
suggested that Patagonia was a separate continental fragment before Cretaceous time. 
During the Jurassic, South America was bounded to the west by volcanic rocks “resting on 
strongly folded and metamorphosed rocks” off Ecuador, Peru, and Bolivia (WEEKs, 1947; 
Marks, 1956; Tscnopp, 1956; Jenks, 1956). Old Precambrian continental basement 
fragments, of unknown origins, have been identified in the Santa Marta mountains in 
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Columbia, the Serrania de Baudo in Panama and Columbia, the Pacific Ocean off Peru, 
and the Sierra Madre de Sur in Mexico (MacDonatp and Hur ey, 1969; Case eét al., 
1971; Meyer et al., 1976; Luoyp, 1963; Guzman and De CseRNA, 1963). 

The situation is perhaps best summarized by James (1973): “Jurassic volcanic rocks 
in southern Peru are wedged in among crystalline metamorphic rocks at least 400 my old. 
Just what these remnants of ancient sialic crust are doing some 300 km west of the currently 
exposed geosynclinal rocks of the continental margin is unknown. These rocks could be 
part of the paleozoic microcontinent that lay to the west of the South American coast- 
line.” 

In northeast Asia, paleomagnetic data (McELuinny, 1973) suggest that the Kolyma 
block and the Sikhote Alin region have been welded onto the Asian continent, probably 
in late Jurassic or Cretaceous time. The Verkhoyansk and Sikhote mountain belts, 
therefore, represent probable sites of continental collisions (Hamitron, 1970). Other 
possible continental fragments from the Pacific Ocean are: the Sea of Ohotzk and sur- 
rounding areas in early tertiary time, almost all of China south of 40°, and Korea (Kawar 
et al., 1969; Hurtry, 1971). All this suggests that large fragments have collided with 
mainland Asia from the Triassic through, the Cretaceous periods. CHURKIN and EBER- 
LEIN (1977) point out that “Permian ---rocks lie outbound of poorly known Paleozoic 
and Precambrian rocks in the Alaska range. Ancient rocks reappear west of the Bering 
Sea along the northwest rim of the Pacific, where similar terranes of Paleozoic age occur 
in northeastern USSR, in Japan, and discontinuously farther south along the west Pacific 
rim.” Like North America and the Andes, Japan, East Siberia, and China show traces 
of mysterious continental masses in the Pacific. 

Dickinson (1971) suggests that ‘“‘for western N. America::-we are forced to contem- 
plate the possibility of ---several collisions of the main North American Craton with other 
continents, microcontinents, or island arcs, and the initiation of several arc-trench systems 

We conclude that numerous fragments of the aforementioned land masses have been 


incorporated into the entire borders of the Circum Pacific continents, as summarized in 
Pig. 2. 


3. The Pacifica Continent 


Three processes have been proposed to account for the presence of old continental 
crust in the Circum Pacific belts: (1) separation, subsequent return and collision of con- 
tinental slivers; (2) the transverse motion of irregular continental slivers along transform 
faults such as the San Andreas fault; (3) collision with and incorporation of island arcs. 
We envision a fourth process: the collision of large continental chunks with the Circum 
Pacific continents over at least the past few hundred million years. ‘These chunks were 
part of a continental mass which disaggregated, in the manner of Gondawana and, cur- 
rently, of Africa. 

We may imagine the following future for the Indian Ocean and Africa: Assuming 
that the Carlsberg ridge continues to spread, India may eventually be consumed by the 
Himalayas and a trench may develop south of India to accommodate the continuously 
forming ocean plate. With this configuration, the Tibet-Himalaya-India orogen would 
foe <i similar to a Circum Pacific orogen: a trench and ocean adjacent to the col- 
ision belts. 


As an alternative to random migration of island arcs or haphazard recoalescence of 
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Fig. 2. Schematic model of the breakup of Pacifica and the resulting collision 
events. Possible ages of the reconstruction stages: (a) 225 my; (b) 180 my; 
(c) 135 my; (d) 65 my. Fine lines mark the present day continental outline. 
Heavy lines mark the location of the various continental areas through the 
geological evolution after Dietz and Hotpen (1970). Position of spreading 
centers simplified from Larson and Cuase (1972), Uyepa and BEN-AVRAHAM 
(1972), Ben-AvrauaAM and Uyepa (1973), Hitpe et al. (1976), and Hayes and 
Rincis (1973). 


continents, we suggest that the Circum Pacific fragments were embedded in, and moved 
with, the major plates of the Pacific Ocean. We may roughly reconstruct the motion of 
such fragments, back to 190 mybp, the paleomagnetically derived motions of the Kula, 
Farallon, Phoenix, and Pacific plates (Larson and Cuase, 1972; Hivpe et al., 1976). In 
Fig. 2, we remove continental blocks from Alaska, western North America, the Andes, 
Kamchatka, and Japan, attaching them in a cartoon fashion to their corresponding plates. 
We note that the various fragments, as they migrate towards their respective spreading 
ridges, also approach each other. In fact, it appears that by late Jurassic time, the earliest 
for which magnetic data is available, these fragments are well on their way toward coa- 
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lescing into a single continental mass. We suggest that such a mass actually existed by 
approximately mid-Permian times. 

We thus propose that a continental mass, intact before early Mesozoic time, was 
broken up by the complex spreading (Larson and Cuase, 1972) which separated the Kula, 
Farallon, Pacific, and Phoenix plates. The fragments, divided into four groups associated 
with these plates, were presumably carried along toward subduction zones and eventually 
reached continental margins. Roughly speaking, the Kula fragments collided with Alaska 
and Eastern Siberia, the Farallon fragments with North America, and the Phoenix frag- 
ments with South America. There is no major continental collision region associated with 
the Pacific plate of Larson and Cuase (1972); this fact may be related to the submerged 
platforms in the Western Pacific Ocean (Fig. 1(b)). 

The oldest magnetic anomalies and sediments in the Pacific Ocean suggest that the 
continental fragments of Pacifica were already fully separated by late Jurassic or early 
Cretaceous times, approximately 120 mybp (Larson and Cuase, 1972). It is quite likely 
that major continental collisions were already in advanced stages, and that a large part of 
the Pacific Ocean had been swept clean at this time of continental fragments. By recon- 
structing the spreading junction, we may locate the early Pacifica to the northeast of 
today’s Australia (HILDE et al., 1976). 

The continent may either have continued as a distinct mass in the middle of the 
Pacific Ocean, or may originally have been attached to Pangea. A hypothetical con- 
figuration of Pacifica near Pangea, sometime during or before Permian time, is shown in 
Fig. 2(a). 

We may estimate the time scale for migration of fragments to the Circum Pacific 
continental margins by taking typical distances as 4,000, 6,000 and 9,000 km, and typical 
plate convergence rates as the current Pacific 10 cm/year; resultant durations are 40, 60, 
and 90 my, respectively. These durations can be easily accommodated in the period from 
the Traissic to the Cretaceous. 

We propose the following gross sequences of breakups and collisions: By late Permian 
to Triassic time, rifting and spreading have developed sufficiently to define the Kula, Fara- 
llon, and Phoenix plates (Fig. 2(b)). Each one of these plates now carries one or more 
fragments of the original Pacifica continent. 

In the course of subduction near Proto North America, South America, Alaska, and 
East Asia, the three plates are consumed at their converging boundaries. 

Towards late Jurassic time, the Pacifica fragments begin to collide with the surround- 
ing continents. We assume that collision replaces subduction when a continental frag- 
ment approaches a subduction zone adjacent to a continent. In the Proto Japan and 
South America areas, a Pacifica fragment has totally coalesced with the East Asia con- 
tinent. In Alaska, North America, the bulk of the continental mass is approaching 
rapidly; some collisions are already taking place (Fig. 2(c)). 

By Cretaceous time, massive collisions have taken place in North America. New 
subduction zones have developed behind the various Pacifica segments, now part of their 
respective continental masses. In Cenozoic time, all continental fragments in the western 
and northern Pacific have coalesced with their respective continents; left behind is a 
purely oceanic crust with spreading centers (Fig. 2(d)). 
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4 si = 3 : = 5 3 Fig. 3. Comparison of oceanic and _ continental 
S) zz ae saesae < crustal structures. Although morphologically 
me ay ee slightly similar, the enigmatic Ontong-Java 
ofS =P TES 5 platform is totally dissimilar to Iceland (Furvu- 
ol fas Se) [BE MOTO et al., 1973; Patmason, 1971) or to typical 
EN Pee oceanic crust. It is however, remarkably similar 
er 26e to typical shield structures, with thick 6.1 km/sec 
= upper crust, and the Seychelles banks, known to 
x 307 be continental (LAucHTon e¢ al., 1970). Typical 
a Pal orogenic roots are even thicker, with the 
ra) Himalaya (Narain, 1973) of known continental 
Bol: collision. Note the similarity with the Andes 
(James, 1971)—where no collision is known ‘at 
60F present. Past collisions with Pacifica fragments 

may be the explanation. 


4. Western Pacific Ocean Floor 


One of the attractions of this hypothesis is that it may account for some of the sub- 
merged platforms in today’s western Pacific Ocean. Typically, these platforms and blocks 
(Fig. 1(b)) are shallowly submerged and rise perhaps 2-3 km above the surrounding sea 
floor. Unlike the sea floor, they are devoid of magnetic lineations, and exhibit strikingly 
thicker crusts. In some places, these crusts have compressional velocity structures which 
approach continental values (Table 2). Of particular interest is the example of the On- 
tong Java plateau in the southwest Pacific Ocean; the thick crust ranges from 36 to 43 
km. Remarkably, seismic velocity to 20 km depth is only 6.3 km/sec, typical of granitic 
basement (Fig. 3). The western margin of the plateau is rifted, whereas Joides drill-hole 
64 penetrated 900 m through sediments without reaching basement rock. 

A number of authors have suggested that the Ontong Java plateau, among others, 
consists of piles of volcanic flows, similar (Mitson and Smiru, 1975; WINTERER, 1976) 
to present-day Iceland. As shown in Fig. 3, the crustal velocity structures of Ontong Java 
and Iceland (FurumotTo ¢t al., 1973; Patmason, 1971) are drastically different. Iceland 
resembles a typical ocean floor and rises; the Ontong Java structure resembles a shield: 
the granite layer is 10-20 km thick with a P velocity of 6.1 km/sec. It is unlikely that 
basaltic piles at 15-20 km depth would have such a low velocity. 

We propose that these platforms are continental crustal fragments of Pacifica. ‘They 
are grossly similar to known submerged continental platforms in Melanesia (Table 1) and 
in the Indian Ocean: The exposed granitic basement of the Seychelles bank, for example, 
indicates its continental origin, as do the P velocities of 6.1—6.3 km/sec, which are typical 
of shallow “‘sialic” continental crust (KANAEv and TurKo, 1976). 


5. Spreading Underneath Continents 

With the exception of the Pacific Ocean, essentially all known spreading centers orig- 
inate under continental masses (e.g., the Mid Atlantic Ridge, Red Sea Rift, Carlsberg 
Ridge, Indian Ocean Ridges, the Balearic and Tyrrhenian Seas). ScHUILING (1973) has 
suggested that the thermal blanketing effect and the high radioactive heat generation in 
the continental crust may cause upwelling of partial melt and spreading. ‘To date, this 
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or similar thermal models have floundered on the east Pacific rise which, unlike the mid- 
Atlantic and Indian Ocean ridges, is associated with no apparent continental fragments. 

The Pacifica model now allows us to extend the thermal model. The east Pacific 
rise and other ridge remanents in the Pacific Ocean began, according to the proposed re- 
construction beneath Pangea and have been spreading ever since. The thermal blanket 
effect, in possible conjunction with subcontinental hot spots (BURKE and Wizson, 1976) 
may therefore be a major element in the driving mechanism of plates. The heat which 
accumulates under the blanket eventually causes spreading through the bouyancy of the 
melt phase in the upper mantle. The pre-shaped rifting phases of India and Australia 
from Antarctica lasted 170 and 110 my respectively (VEEvERs and McExuinny, 1976). 
If the model is applicable, this indicates that there are long periods of heat accumulation 
preceeding spreading itself, which may be rapid and short lived. 

We thus obtain a new constraint on the sequential development of plate consumption: 
Every coalescence between a ridge and a trench, with subsequent back arc rifting (UyEDA 
and Mryasuiro, 1974), must be preceded by the consumption of a continental mass, 
separated from its other half by the ridge. Some hypothetical sequences are sketched 
schematically in Fig. 4. In the simplest case, that of an oceanic trench (Fig. 4), the leading 
continental fragment collides with the trench before moving with the subducted plate. 
Though the light continental mass cannot be subducted, spreading continues, and the 
trench may “‘jump”’ to the ridge side of the fragment, which is thus added to the overriding 
plate. During the trench jump, the fragment may undergo substantial deformation, 
the folding of geosynclinal sediments off its leading edge, metamorphism, volcanism, and 
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Fig. 4. Sequential development of plate consumption assuming that all spreading is initiated under 
continents: coalescence between ridge and trench with subsequent back arc rifting must be 
preceded by the consumption of a continental mass (C2), which was separated from its other 
half (C1) by the ridge (R). Some hypothetical sequences are: (a) oceanic trench. The leading con- 
tinental fragment (C2) which moves with the subducted plate first collides with the trench (T). 
Because the light continental mass cannot be subducted, while spreading continues, the trench 
may ‘‘jump”’ to the ridge side of the fragment, which is thus added to the overriding plate. The 
net result is perhaps an island like fragment in mid ocean, with a subducting trench. Eventually, 
the ridge is consumed by the trench, subducts and presumably causes back arc spreading (dashed 
lines). The final product is therefore a rifted island arc system. (b) Trench at the edge of a continent 
(C3). Upon collision with the approaching continental fragment the trench jumps across the 
fragment to accommodate the continuing spreading. Eventually ridge consumption leads to 
spreading at the continental margin. (c) Multiple rifting and collision. The resultant structure in this 
case includes multiple collisions, subduction and spreading at the continental margin. 
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subsequent deformation of its tailing edge. The ridge behind the fragment is eventually 
consumed by the trench, is subducted, and presumably causes rifting and back arc spread- 
ing. The final product is therefore a rifted island arc system, containing the geological 
signature of subduction and trench jumping. 

If the trench is situated at the edge of a continent, a collision with the approaching 
continental fragment occurs first (Fig. 4(b)). The trench, as before, may jump to the 
ridge side to the colliding fragment. Later, the ridge is consumed, leading again to a 
zone of rifting and spreading. The net result is a somewhat complex orogenic geology; 
possible volcanics from the initial subduction, uplift and strong folding from the conti- 
nental collision, tensile faulting and volcanism from the ridge consumption. As shown in 
Fig. 4, secondary rifting and spreading like that observed in the western Mediterranean 
Sea, may result in very complicated orogenic structures: belts which record the multiple 
effects of subduction, collision, and rifting due to ridge submergence. 


6. Collision and Orogenic Deformation 


It thus appears that even simple continental collision, followed by ridge consumption, 
leads to very complex geology, even without the effects of sediment accumulation offshore, 
shape irregularities, and deformation in the orogenic belt during collision. The com- 
plex geology of the Circum Pacific mountain belts is therefore consistent with our hypoth- 
esis. 

It was previously assumed that immobile sediment-filled geosynclines led to mountain 
building or orogeny by means of upheaval and deformation. This hypothesis could not 
quite explain the great crustal shortening implied by the deformation observed in moun- 
tain belts. It was plate tectonics which provided this essential element. Several investi- 
gators (Dewey and Birp, 1970; Smiru, 1976) have journalized the general features of 
orogeny in terms of continental collision, subduction, and rifting. As a result, the Alpine 
mountain chain is now generally agreed to be the product of continent-continent colli- 
sions. In this belt, particularly in the Tibet and Iran segments (BEN-AVRAHAM and Nur, 
1976), the zone of recent tectonic activity is over 2,000 km wide. Crustal thicknesses are 
1.5—2 times as great as the average continental crust; the light continental material has 
presumably been made to sink into the asthenosphere. Under the Himalayas, for example, 
the crust is 70 km thick (NARAIN, 1973). The active collision zone, as indicated by seismic- 
ity, includes not only the highly deformed Himalaya belt but also the entire width of the 
Tibet plateau. This great width is not accounted for at present, but may be closely re- 
lated to the collision process. 

The Circum Pacific mountain belts, with width and morphology similar to the Alpine 
belt, clearly do not experience continental collisions today. The crust in western North 
America, Alaska, East Siberia, and the Andes, is often as thick as 40 km (Fig. 5) (JAMEs, 
197la). Even morphologically the elevated parts of the western U.S., Alaska and to some 
extent South America, Japan, and Kamchatka resemble the segments of the Apline belts. 
All are seismically active, wide, highly deformed, and marked by high plateaus of various 
sizes. ‘The Pacifica hypothesis provides an explanation for the similarities and suggests 
that the more complex Circum Pacific mountain belts may be in part the result of past con- 
tinental collisions similar to those associated with the Alpine belt. 
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7. Buogeography and the Transpacific Connection 


A curious and possibly very important aspect of the drifting of the Pacifica fragments, 
is the question of the transpacific connection for fauna and flora. In this section we briefly 
and incompletely mention a few of the published works on the distribution of flora and 
fauna which suggest that some sort of continental link has existed between southeast Asia 
and western North America. 

Following Wegener’s publication of “The Origin of Continents and Oceans’? Gre- 
Gory (1925) stated that ‘“There is however similar (to the Atlantic) evidence of land con- 
nection across the Pacific.” This is required to explain the distribution of the alligator, 
some lizards, amphibians, earthworms and various plants. HALLER (1912) following ear- 
lier studies has already suggested “‘the birthplace of the angiosperms in the basin of the 
Pacific Ocean on the hypothetical continent of Pacifica” (TakurajAn, 1969). This early 
suggestion for such a Pacifica continent, preceding WEGENER’s (1915) continental drift 
theory, was to be abandoned because, as Grecory (1925) points out ‘“The existence of a 
land connection from America Westward across the Pacific is, however wholly incon- 
sistent with the present form of (Wegener’s continental) displacement theory.” Several 
decades later, MELVILLE (1966, 1967) has forcefully resurrected the Pacifica continent 
notion—occupying the central Pacific over Menard’s (1964) Darwin rise. Here the land 
connection was required to explain the distribution of Gigantopteris flora. MELVILLE 
(1967) suggests that “During carboniferous there were three continents in the northern 
hemisphere: Atlantica, consisting of western Europe and eastern North America; Paci- 
fica, consisting of western North America and eastern Asia with adjacent Island arcs, and 
Angaraland. The uprising of the Darwin rise produced a land bridge, which connected 
Pacifica with the New Zealand platform in the Triassic::-”’ 

Melville’s suggestion was immediately challenged by Hatiam (1967) and others. 
Most important is the conclusion by Menard and Hamilton (1963) “there is no possibility 
that sunken continents could have been in the area (of the Darwin rise) since the Middle 
Mesozoic:::”? TAKHTAJAN (1969) points out on the basis of Menard and Hamilton (1963) 
conclusions that a Pacifica land connection would be very attractive, but the marine geo- 
physical evidence does not support this idea. Obviously, Takhtajan was not aware in 
1969 that the structure and history of the Pacific Ocean floor has been totally reevaluated 
since Menard’s earlier static interpretation. ‘The measurement, interpretation and analy- 
sis of the magnetic anomalies in the Pacific established the mobilistic nature of its sea floor, 
with migrating spreading centers (Ving, 1966; Heirrzver et al., 1968) leading to the 
conclusion that most parts of the Pacific floor have been in motion since late Jurassic time 
or earlier. 

Our version of the Pacifica notion—namely that a late paleozoic continental mass has 
disaggregated, with fragments moving with the various mesozoic plates, provides there- 
fore a renewed possibility for a continental transpacific link: ‘The link is much more 
mobile than previous models, and does not require major inconsistencies with plate tec- 
tonics as known today. In fact the motion of the fragments of Pacifica are estimated on the 
basis of the motion of the plates, and are therefore generally consistent with plate tectonics. 
We suggest therefore that a mobile transpacific land connection could have existed, and 
may have played a role in determining the distribution of floras and faunas around the 


Pacific basin. 
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This may help in resolving some aspects of the bitter debate among biogeographers 
concerning not only the Pacific basin, but also the dominance of vicariance or dispersal 


in evolution in general (e.g., NELSON, 1975). 


8. Conclusion 

The mass we call Pacifica—to emphasize its centrality in Pacific geological history— 
could have been part of the Pangea Super Continent, adjacent to Australia and Antarctica. 
The breakup of this continent and the drift of its fragments resulted in continental collision 
with South America, North America, Alaska, Kamchatka, Japan, and East Asia. Sub- 
merged platforms in the Pacific Ocean, such as the Ontong Java area, the Shatsky rise, and 
the Manihiki plateau, may be further remnants of Pacifica. The thick crusts of these 
plateaus, with seismic velocities typical of continents, are thus predicted to be continental 
crusts. 

Although the details of the breakup and collision of Pacifica cannot be resolved very 
well at present, we suggest two general features: (1) That Pacifica disaggregated in a 
manner similar to the current breakup of Africa, producing continental slivers which may 
appear in the collision zone perhaps as “island arcs’; (2) that all spreading centers on 
earth may have originated underneath continental masses. 

If, in addition, subducted ridges are responsible for back arc rifting and spreading, 
we can account for the typical trench-continent-ridge sequences, containing volcanism, 
uplifted blocks, metamorphism, and rifting. In cases of multiple collisions with con- 
tinental slivers and ridges, the geological record may contain several consecutive sequences 
juxtaposed on one another. Such complexities are common in belts such as western North 
America. 

The notion for Pacifica and its breakup provides an attractive explanation for the 
similarities of faunas and rock sequences in widely separated locations in the mountain 
belts around the Pacific, and may tie in divergent paleomagnetic data. It may explain 
the curious geological history of Wrangellia (Jonrs et al., 1977), where flood basalts and 
Triassic continental deposits are supplemented by strong evidence for continental rifting 
in an unknown location near the equator. The submergence of this fragment, and its 
subsequent emergence upon collision with North America, is almost a perfect example of 
the history we envision for the fragments of Pacifica. 

The greatest difficulty which our hypothesis encounters is the scarcity of direct evi- 
dence. By the very nature of plate consumption, older lithosphere becomes very rare in 
the oceans, highly deformed and distorted in continental mountain belts. The validity of 
the proposed plate processes in the pre-mesozoic Pacific can be tested only through essen- 
tially second order effects which survive the subduction and consumption of older crusts. 
The Pacifica notion will remain speculative until the physical and geological nature of the 
submerged platforms in the western Pacific are revealed through geophysical and drilling 
activities. We have a general working hypothesis for reassessing the geological evidence 
in deformed orogenic belts: How strong is the evidence for the incorporation of large con- 
tinental masses in the Circum Pacific and other mountain belts? Can some of the apparent 
complexity be resolved by the multiplicity of collisions? At present, we lack a basic under- 
standing of the mechanics of continental collisions. We do not know what happens to 
lithospheric slabs below the colliding crusts: Do they, for example, override one another, 
or deform viscously into a thick fluid-like blob? We must investigate the role of small 
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density variations between colliding continents, variations due to either different thermal 
histories or rock types. 

There is little doubt that the thermal history of continental regions is of the greatest 
importance in understanding the mechanics of plate motions. Major unresolved prob- 
lems exist: Why do some large continental areas, such as the Canadian shield, remain 
immobile for long periods of time, while some small blocks, as in the western Mediter- 
ranean, spread? The Pacifica speculation leads to exciting generalizations about the 
nature and history of plate tectonics on earth; these generalizations in turn provide work- 
ing hypotheses and experiments which address major existing questions about the nature 
of geological processes. 


Weare greatly indebted to G. Thompson for important discussions on crustal velocities, and to W. Dickin- 
son for critical and insightful comments. The responsibility for the ideas and conclusions of this paper, 
however, are solely ours, and no one else should be held responsible for them. Research was supported in 
part by grant NO. NSF DES 75-04874 from the Earth Science Division, U.S. National Science Foundation, 
and by a grant from the Arthur L. Day Fund of the U.S. National Academy of Sciences. 
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While in the Honshu region, the Benioff zone exhibits a straight profile, dipping west at 
about 30°, the Mariana arc has a curved zone changing into a very steeply dipping zone at 
depth, and the Peru-Chilean arc has a very extended and gently dipping zone at 16°. These 
can be interpreted as three type-cases where, correspondingly, the trenchline is at rest 
with respect to the deeper mantle and the trenchline is moving in the dip direction with 
respect to the deeper mantle. Where the direction of relative motion has changed, we can 
then expect sharper bends as in the cases of Central Bonin and the Peru-Chilean arcs. 

This interpretation is consistent with the concept of the decoupling of plate motion 
across the asthenosphere and enables us to use the Benioff Zone to decipher the recent 
history of absolute plate motion. 

The steepening of the Marianas Zone is closely related to the westward motion of the 
Philippine Sea Plate. ‘The separation of the plates due to anchoring of the trenchline, after 
the subducted lithosphere reaches the mesosphere, and the continued westward motion of 
the Philippine Sea Plate is probably responsible for the formation of the back-arc basin and 
the lack of large shallow thrust-type earthquakes there. ‘This could be one of the several 
mechanisms for the formation of the back-arc basin. 


1. Introduction 


Relative motions of tectonic plates have been studied in great detail (LEPicHon, 1968; 
Morcan, 1968; Minster ef al., 1974; among others). Recently, attention has been 
turned to the ‘‘absolute” motion of plates (Morcan, 1972; Wixson, 1973; Munster et al., 
1974; and others). Strictly speaking, ‘‘absolute” is with respect to the Earth’s center. 
But since the upper mantle below the asthenosphere, the mesosphere, is often considered 
to be decoupled from the plate motion, and the motion of the mesosphere is probably of 
the order 1-2 cm/year (MoLnar and FRANCHETEAU, 1975), slower than most of the plate 
velocities we are interested in, we may regard the mesosphere as stationary. Depending 
on the absolute motions of plates in a subduction regime, the subducted lithosphere may 
have to move through the asthenosphere. The resistant force exerted by the asthenosphere 
can conceivably modify the shape of the slab. Also, after the slab has been inserted into 
the mesosphere, the motion of the trenchline may be restricted; this restriction in motion 
of the trenchline may create tension on the upper plate side, if the upper plate is moving 
away from the trenchline. 

Seismic data, in general, are of ephemeral nature in comparison to the time needed 
to create major geological expressions. Thus focal mechanism solution is reflecting the 
stress conditions and the orientation of the fault planes prevalent at the time of the earth- 
quake and the present shallow seismicity may only have a vague memory of what has gone 
on millions of years before. The Benioff zone, interpreted as a subduction zone, bears 
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information regarding the motions of the plates associated with that boundary for the 
duration of its activity; when the length of the subduction is L and the velocity of subduc- 
tion is V then the duration is L/V. In other words, under our assumptions, the varying 
slope of a Benioff zone as a function of depth coupled with velocity of subduction can be 
translated into time history of the absolute motions of the plates involved. Because most of 
the Benioff zones are continuous and the obvious breaks in some of them are short, the time 
resolution of our interpretation is finer than that based on discrete volcanic islands although 
only the recent 10 million years or so history can be studied this way. 

Aspects of the relation of the shape of Benioff zone to the motion of plates (or more 
precisely the trenchlines) have been discussed by McKenzie and Morean (1969), Luyen- 
DIK (1970), Tutus (1972, 1976), Wu (1971, 1972), Karic (1971b), Witson (1973), JACOBY 
(1973), and TovisH and Scnusert (1978) among others. In this paper, we shall attempt 
to systematically examine the well-defined Benioff zones and explain the inclinations and 
the changes in inclination as a function of depth in terms of absolute motion and change 
in absolute motion in the past. We shall include in these discussions considerations 
regarding the generation of down-dip stresses (Isacks and BARAZANGI, 1977; HAsEGAWA 
et al., 1978) as well as the magnitude and frequency of earthquakes. 

A problem closely related to the subduction zone, namely the formation of interarc 
basin has received much attention (Karic, 197la,b; Toxsoz and Brirp, 1977; UyrEpa 
and Kanamort, 1978; Pornts, 1978; and others). We shall briefly discuss the kinematics 
in terms of absolute motions of trenchlines and separation of plates. 


2. Interpretation of Different Configurations of Benioff Zones 


Along each island arc the configuration of Benioff zone varies, not only in the down- 
dip direction but also laterally. The lateral variations in some cases can be understood 
in terms of the variations of the absolute velocities of the plates involved. In this section 
we shall be concerned with the depth profiles only. But in our discussion of the actual 
arcs later, the variations of shapes along the arcs shall be taken into consideration. 

Isacks and Mo.tnar (1971) and Isacks and Barazanci (1977) have summarized the 
general shapes of the Benioff zones perpendicular to the trench as well as the down-dip 
stresses which has partly been updated by the works of HasEcaAwa et al. (1978). Figure 1 
is a reproduction of Isacks and Molnar’s results. 

Of the well-developed Benioff zones, we can distinguish three cases: (1) very straight 
and moderately dipping zone (example: Honshu), (2) steeply dipping zone (example: 
the lower portions of Marianas and Peru), (3) curved and very shallow dipping zones 
(example: the upper portions of Peru and Chile zones). Some of the zones can be rec- 
ognized as a combination of 2 and 3 (example: Peru and Chile zones, deep parts included; 
New Hebrides). 

Although Isacks and Moutnar (1971) believe that the irregularities in the Benioff 
profiles represent relative motion of the upper and the lower part of the slabs, they called 
the non-straightness of the profiles ‘“‘contortions’’, and felt that both the contortion and 
the distribution of the down-dip stresses are not amenable to simple explanations. Mc- 
Kenzie and Morcan (1969) however, in an attempt to match the slope of the Ryukyu 
Benioff zone to the average slope of the Bonin Benioff zone, postulated that the matching 
can be done by moving the Bonin trench eastward for about 200 km, implying that the 
steeper profile of the Bonin Benioff zone was a result of the westward motion of Bonin 
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Fig. 1. Global summary of the distribution of down-dip stresses in inclined seismic 
zones. The stress axis that is approximately parallel to the dip of the zone is repre- 
sented by an unfilled (open) circle for the compressional or P-axis and a filled (solid) 
circle for the tensional or T-axis; an X indicates that neither the P- nor the T-axis 
is approximately parallel to the dip. For each region the line represents the seismic 
zone in a vertical section aligned perpendicular to the strike of the zone. The lines 
show approximately the dips and lengths of the zones and gaps in the seismic ac- 
tivity as a function of depth. (After Isacks and Motnar, 1971) 


trench. Karic (1971b) concluded that the slope of the upper portions of several Benioff 
zones are influenced heavily by interarc spreading. Wu (1971, 1972) applied the concept 
of absolute motion of plates and explained the change of dip of Benioff zone along the 
Izu-Bonin-Marianas arc as a result of the clockwise rotation of Philippine Sea Plate. He 
also described the shallow dipping of the Benioff zone under South America as a result of 
overriding of the Nazca plate by South America. TuL.is (1972) thought that the deeper 
part of the Benioff zone may have an anchoring effect. Witson (1973, 1974) had similar 
conclusions as cited above. Since the discovery of the double seismic zone (HAsEGAWA 
et al., 1976, 1978; Isacks and BaRrAzanci, 1977) the down-dip stresses in some cases have 
been understood much better. 

In this section, we shall cast the ideas expressed in my earlier works cited above in 
a more systematic way and extend the arguments further toward a more complete presen- 
tation. 

For two plates in contact, the absolute velocities Vi; and V2 (let us consider only the 
components perpendicular to the arc) determine whether initially a subduction zone would 
form. The “truth table” is shown in Fig. 2. The conditions (1), (5), (6), and (7) repre- 
sent situations where subduction can occur and (2), (3), (4), and (8) are cases where 
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Fig. 2. “Truth table.” The arrows over V; in the table 
indicate the direction of the velocities V; of the plates 
as shown schematically below the table. Shaded areas 
indicate the subduction will occur under that condition. 


spreading will occur. If conditions (1) or (7) persists after the initiation of subduction, at 
first the trenchline will attempt to follow the upper plate, but as the plate enters deeper 
into the asthenosphere and then the mesosphere, the motion of the trenchline will be greatly 
hindered due to the resistance exerted on the subducted slab by the asthenosphere and 
the mesosphere. Under these conditions, there will be a lack of compression and shallow 
seismicity near the plate boundary; backarc spreading can take place, and the Benioff 
zone is likely to be steep. If conditions (5) and (6) persist, on the other hand, the trench- 
line will be forced to migrate against the direction of subduction due to the overriding of 
the subducting plate by the upper plate; in this instance, the compression is high, therefore 
shallow, large earthquakes can take place. In cases (1), (5), (6), and (7), if one of the 
velocities becomes zero then the trenchline will be stationary. 

Thus, based on the motion of the trenchline, we can distinguish three cases: 

I. When the trenchline is stationary. FRANK’s (1968) attempt to explain the dip of 
Benioff zone assumed a rigid shell, then, on a sphere, the dip of the Benioff zone will be 
equal to two times the radius of the surface trace of the island arc in degrees. In vertical 
profile, such a zone will be a straight line. As TovisH and ScuuBEertT (1978) concluded 
however, the correlation of the dip angle with the radius of curvature is too poor for 
Frank’s simple geometrical relation to be significant in determining the dip angle. JAcoBYy 
(1973) demonstrated by a simple model experiment that gravity sinking of a non-rigid 
slab also keeps a straight profile after it enters into the underlying liquid. 

Because of the expected high viscosity of the mesosphere, the subduction zone can be 
expected to incline at the slope at which it emerges from under the asthenosphere to enter 
the mesosphere. Once this angle is established, the subduction will persist at that angle, 
unless there is substantial convection in the mantle, or if the subducted lithosphere has to 
move through the asthenosphere and/or the mesosphere. 

Such profile exists—in its full form to the depth of 700 km only in one arc, i.e. Honshu 
(Fig. 1). Disregarding profiles that only extend to intermediate depths, whereby a good 
definition of the subducted zone is not possible, then we can determine one area on the 
globe where the relative velocity between the trenchline and the mesosphere is near zero. 
The time interval when this conclusion is applicable is from about 15 mybp to present. 

Isacks and Mounar (1971) show that the focal mechanisms for earthquakes indicate 
down-dip compressive stresses for earthquakes along the whole slab, although recent works 
by Hasecawa et al. (1978) show a well-defined double-zone under northeastern Japan 
down to a depth of about 150 km and the mechanisms along the top zone indicate thrust 
faulting or down-dip compression while the bottom zone indicates down-dip tension. 
These results are consistent with the unbending of the Benioff zone going into the astheno- 
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Fig. 3. The configuration of Benioff zone for a case where 
the upper plate is moving away from the trench line. 
See text for details. Hatched zone represents astheno- 
sphere. 


sphere (Isacks and Barazanci, 1977; ENGDAHL and ScHouz, 1978; Hasecawa et al., 
1978). 

II. Where the trenchline is migrating in the direction of subduction. In Fig. 3, we have 
shown schematically the sequence of events that could lead to a configuration such as that 
under the Marianas (Fig. 1). As soon as the lithosphere dips into the asthenosphere, its 
advance through the asthenosphere will be resisted much as a vane moving through a 
viscous liquid would be resisted. As a consequence, the lithosphere will be bent further. 
The resistance will increase as a function of viscosity of the asthenosphere and the velocity 
at which the trenchline migrates. 

If the bending force is such that when the tip of the subducted lithosphere is inclined 
at 90° or less from the horizontal, then it will enter the mesosphere; if the dip is greater than 
90°, i.e., the lithosphere overturns, then the plate may be broken off and left behind. 

Upon entering the mesosphere where the viscosity is expected to be high, it is likely 
that the subducted lithosphere acts as an anchor for the trenchline, although the anchoring 
could not be perfect because of the finite viscosity. If the upper plate keeps on moving 
after the subducted plate reaches the mesosphere, then near the plate boundary there will 
be a general lack of compression. We may observe two consequences. First, tension may 
occur behind the arc and the formation of back-arc basin may ensue. Secondly, due to 
the lack of compression, large shallow-thrust earthquakes may not occur. 

For this case, the stress distribution will be quite different from that of the last case 
(with a stationary trenchline). Using the Marianas as an example (see next section), 
from 0 to 150 km, the curvature of the Benioff zone increases and we expect the down-dip 
tension type of mechanisms to be associated with earthquakes near the top of the litho- 
sphere, and down-dip tension for events near the bottom of the lithosphere. 
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Fig. 4. The configuration of Benioff zone for a case where 
the upper plate is advancing over the trench. See text for 
detail. 
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Fig. 5. ‘The configurations of Benioff zone for cases where the 
absolute motions of plates changed during the course of 
subduction: a and b, from upper plate moving away 
from the trench to moving over the trench; c and d, 
from stationary upper plate to the upper plate moving 
away from the trench. 


III. Where the trenchline is advancing against the direction of subduction. Assuming that 
the plate is subducting at an initial angle of 45° (Fig. 4(a)); as the trenchline is advancing 
in the direction opposite to that of subduction, a movement of the point at which the 
lithosphere enters will be applied at the point where the asthenosphere will occur, thus 
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the dip of the subduction zone will decrease. The viscous asthenosphere will resist the 
rotation of the subducted lithosphere and as the subduction continues and the lithosphere 
gets farther from the subduction point, the dip of the subduction will not be influenced 
further by the motion of the upper plate. Figure 4(b) and (c) show schematically the 
sequence of possible events in such a case. 

The seismicity in this case will involve very large, shallow thrust type of earthquakes. 

IV. Where in the past history of the formation of the subduction zone has the sense of motion 
changed. If the initial subduction is in any one of the three categories discussed above 
and changed later to any other category, then a discontinuity in curvature or a break may 
exist in the Benioff zone (Fig. 5(a) and (b)). Such discontinuity is seen in Chile, Peru, 
New Hebrides, South Tonga, etc. (see Fig. 1). While for Peru, Chile and New Hebrides 
there are actually discontinuities in Benioff zones, for Tonga the profile is without gaps. 


3. Discussion of Examples 


In the last section, we have discussed the possible consequences of absolute plate 
motions upon the shapes of the Benioff zones. In this section, we shall explain in some 
detail several examples for illustration. In the process, we will be able to provide another 
basis for determination of the sense of absolute motion (in addition to that provided by 
the “hot spot” theory). 


3.1 Izu-Bonin-Marianas- Yap-Palau 

The clearest example of case II is the eastern margin of the Philippine Sea Plate. 

The Philippine Sea Plate itself is relatively simple; it has a typical oceanic crust in 
most parts (Muraucuti ef al., 1968) and probably thin lithosphere of about 50 km (Kana- 
mori and Ase, 1968). ‘There are some older structures in several parts of the Philippine 
Sea, such as Oki-Daito Ridge, the Central Philippine Basin Fault (Herss, 1946) and Palau- 
Kyushu Ridge that are not yet fully understood. Some of these structures apparently have 
not been active since mid-Miocene (Mizuno et al., 1978); therefore, for our purpose, they 
can be viewed as part of the inert plate. The formation of the Young Mariana Trough 
and the variations in subduction geometry of the eastern boundary are the problems that 
we shall attempt to address by using the concept described in the previous section (case II). 

The seismicity along the eastern boundary of the Philippine Sea Plate, namely along 
the Izu-Bonin-Marianas-Yap-Palau arcs, has been studied by Katsumara and SyKEs 
(1969) and more recently by Isacks and Barazanci (1977). In the cross section (Fig. 6) 
based on KatsumatTa and Sykes (1969) the slope of the Benioff zone below 100 km steepens 
successively southward. ‘The lengths of the Benioff zone under Izu-Bonin and the Mar- 
ianas remain about 800 km, thus the depth of the zone increases toward the Marianas. 
The seismicity under the Volcano Islands (near 25°N) and the southern part of the long 
arc chain is low; although as pointed out by Isacxs and Barazanci (1977), the foci under 
the Volcano Islands do reach 500 km depth, the foci definitely shoal under the southern 
Marianas and only shallow (0-30 km) foci are found under the Yap and Palau. As 
shown in Fig. 7, adapted from Isacxs and Barazanci (1977), the 500 km foci lie directly 
under the 100 km foci near the Volcano Islands. The Benioff zone implied by Fig. 7 
would have an increasingly steep profile starting from Izu Island going southward toward 
the Marianas, where the zone below 200-km becomes vertical; under the Volcano Islands 
and the northern Marianas the zone has overturned. 
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Fig. 6. Series of closely spaced vertical sections perpendicular to Izu-Bonin-Marianas trench show- 
ing changes in configuration and apparent thickness of deep focal zone. Orientation of sections 


shown in upper right corner. V denotes volcano and T denotes trench. (After Katsumata and 
Sykes, 1969) 
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In explaining the geometry of the eastern boundary of the Philippine Sea Plate, it is 
noted first that the Philippine Sea Plate itself is rotating clockwise (with respect to the 
lower mantle) around a pole close to the junction of the Izu-Bonin arc with the Honshu 
arc (Wu, 1971). Asa result, the upper plate moves west at an increasing rate from Izu- 
Bonin toward the Marianas, Yap and Palau. In the north, the velocity of the Pacific 
plate is much higher than that of the Philippine Sea plate so the subduction takes place 
more or less norrnally. ‘To the extreme south, across the Palau arc, the velocity of the 
Philippine Sea Plate almost matches that of the Pacific plate and little or no subduction 
is taking place there. Perhaps south of Palau the velocities match exactly and no hint 
of subduction is detected. 

In between, the slope of the subduction zone increases southward as a consequence 
of the more rapid westward migration of the trenchline. Initially, the trenchline would 
follow the upper plate; as the subduction zone reaches beyond the mesophere, however it 
provides at least a partial anchor for the trenchline. The continuous pulling away of 
the Philippine Sea then causes tension to occur west of the trenchline, thus the formation 
of the southward widening Mariana Trough. According to this scheme, the back-arc 
basin ought to widen starting from the junction of Honshu and Izu. As Voer et al. (1976) 
have suggested however, the approach of the Marcus-Necker ridge has probably created 
the bend in the Izu-Bonin-Marianas chain. In our concept, this is equivalent to speeding 
up the westward migration of the trenchline at the bend, and thereby creating an overturn 
of the subduction zone and perhaps closing the back-arc basin there. 

The seismicity in the Marianas is quite low and the lack of large shallow thrust-type 
earthquakes is especially noticeable along the whole eastern boundary of the Philippine 
Sea Plate. Such lack can be expected from the presence of a tensile regime behind the 
arc due to plate separation. 
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Fig. 8. Reconstruction of the tectonic history of the Marianas. 


Because of the low seismicity, very few focal mechanism solutions are available by 
using world-wide data. There is the possibility that the double zone can be detected in 
the Marianas by using local high sensitivity stations. From the increase of the curvature 
of the Marianas subduction zone, the top down-dip tension and bottom down-dip com- 
pression may persist to greater depth than under the Honshu and the “unbending” should 
commence at a depth of about 150-250 km. 

We shall now attempt to reconstruct the history of the eastern boundary of the Philip- 
pine Sea Plate since early Pliocene (Karic, 1971b). The time that corresponds to this 
age is about 10 mybp, which is consistent with the length of the Benioff zone divided by 
the absolution velocity (L=800 km, V=9 cm/year, L/V~9 x 108 years). This perhaps 
represents the latest “‘pulse’’ of subduction activity along this boundary (Karic, 1971b). 

The reconstruction is shown schematically in Fig. 8. Beginning from early Pliocene, 
the subduction zone we see now started to form. The initial boundary could have been 
a broad arc. As the subduction proceeded because of the differential resistance to motion 
between sections, the arc began to tear along small circles around the rotation pole. This 
tear becomes more pronounced as the subduction zone reached the mesosphere. In 
late Pliocene, an interarc basin opened along the lithosphere weakened by thermal activity 
associated with the subduction because of the tension created by the pulling away of the 
Philippine Sea Plate and the anchoring of the trenchline. Then the Marcus-Necker 
Ridge that came in contact with the Philippine Sea Plate, started to push the subduction 
boundary in front of the ridge westward, closing partially the interarc basin north of it 
and overturning the Benioff zone directly in front of it. From then on, the basin behind 


the Marianas arc continued to open and the tear and bending of arcs continued until 
today. 


3.2 Peru and Chile 


Seismicity and focal mechanisms of the western margin of South America have been 
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discussed by Isacxs (1970), Isacks and MoLNAaR (1971), SraupErR (1973) and Isacxs and 
BaRAZANGI (1977). 

The main feature in both regions are a very shallow-dipping upper Benioff zone and 
a very steep-dipping lower Benioff zone. The two zones are apparently broken as shown 
by seismicity, but based on wave propagation studies, opinions differ. Isacks and BARA- 
ZANGI (1973) believe that high frequency arrivals from deep earthquakes at the stations 
indicate a continuous slab; SNoKE et al. (1973) interpreted the high frequency arrivals 
as phases reflected at the top interface between the slab and the mantle, thereby negating 
the necessity of assuming a continuous slab from 650 km up to the trench. As far as our 
present discussion is concerned, the question of continuity of the slab is not so important 
as the change in dip between the shallow and the deep parts. 

There are discernible differences among the Benioff profiles under Peru, northern 
Chile, central Chile and southern Chile as shown by Barazanci and Isacxs (1976) and 
Isacks and Barazanci (1977). Barazangi and Isacks’ profiles are adapted and shown in 
Fig. 9. While the lengths of the observable upper Benioff zones in these areas are about 
the same (~730 km), the northern and southern Chilean profiles (section C-C) appear to 
be concave downward, but the Peruvian and central Chilean profiles are concave upward 
between 100 and 300 km inland from the trench, then became flat further inland and 
finally became concave downward (sections B-B and D-D). The common feature for 
all these profiles is the small dip angle of the Benioff zones. 

Section C-C can be interpreted as resulting from a westward-advancing South America 
over the Nazca plate based on the description in case III (Fig. 4). The length of the 
subduction divided by the average relative motion velocity gives an age of about 6.5 my. 
Then we can estimate the distance of the trench has migrated westward by multiplying 
the absolute velocity of South America moving west: 23 mm/year x 6.5 my=150 km. 

The Peruvian and the central Chilean sections can be viewed as anomalous in that 
they are perturbed because of the subduction of aseismic ridges: the Nazca Ridge for 
Peru and Juan Fernandez Ridge in the case of central Chile (see for example Vocr et al., 
1976). The point at which the Nazca Plate contacts the South American Plate moved 
south, because the ridge is oblique to the direction of subduction. If the dip angle of the 
Benioff zone is proportional to the density of the subducted lithosphere, then the less dense 
aseismic ridge would form the low angle Benioff zone. ‘The absence of a trench where 
the aseismic ridges come to the subduction boundary, whence not very much sediments 
are carried down to depth, will be responsible for the lack of recent volcanism over the 
subducted ridges. 

The deeper part of the subduction zones have apparently very steep dips. It could 
mean that before 7 mybp, the sense of the absolute motions of the South American plate 
might have been different, i.e., it could have been moving east. The rather drastic change 
in the dip between the deeper Benioff zone and the shallower Benioff zone represents 
a change in the nature of the plate motions there. 


3.3  Tonga-Kermadec 

Along the Tonga-Kermadec zone, the Benioff zone, below about 100 km, steepens 
southward from about 45° in northern and southern Tonga and 60° in Kermadec (Fig. 1). 
According to our previous discussion, we would expect the trenchline to have moved 
westward with respect to the lower mantle in the southern part of this chain. One possible 
cause for this behavior is the slowing down of subduction in New Zealand due to the buoy- 
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ancy of the Chatham rise and the New Zealand Plateau and the push they exert on the 
Indian plate. The relative short subduction zone under New Zealand is fairly steep (65°). 

Behind Tonga, we have one of the interarc basins that are considered to be active 
(Karic, 1971). In contrast to the Marianas, here the map view of the trough is closely 
related to the configuration of the Benioff zone underneath where the subduction has 
a gentle dip, the interarc basin is wide, and vice versa. 


4. Back-Arc Basins 


Interarc basins are found behind some arcs (Marianas, Tonga, etc.) but not others 
(Aleutians, New Hebrides, Indonesia, etc.). They seem to form an integral part of some 
of the arc systems and are therefore important features to be understood in order to further 
our understanding of the global tectonics. Uyrpa (1977) has summarized the possible 
mechanisms that operate to create the basins namely, ridge subduction, ocean basin 
entrapment, backarc opening (‘‘Karig’s process’’) and leaky transform faulting. It is 
difficult to envisage ridge subduction to be genetically related to the formation of interarc 
basin. Since the ridge represents a weakness, the subducted ridge may create a break in 
the subduction zone, but whether this could in turn cause a basin to open above this break 
is to be considered. ‘The Gulf of California example can conceivably be explained by the 
northward propagation of the East Pacific Ridge rather than the eastward migration of it. 
The entrapment scheme will leave a basin behind the arc not genetically related to it. 
Back-arc opening and leaky transform faulting are still being actively studied (Toxs6z 
and Birp, 1977; Uvyepa, 1977). 

In a previous paper (Wu, 1972) and in the previous discussion in this paper, we have 
proposed another mechanism namely, the creation of interarc basin due to the tension 
resulting from plate separation and possibly the closing of parts of the basin due to the 
compression arisen from the forced migration of sections of the trench toward the basin. 
We have discussed the possible mode of formation of the Mariana Trough and closure of 
the Izu-Bonin Trough as well as the southern part of the Ian-Haure Trough based on 
these reasonings. The plate-separation tension can explain the lack of large earthquakes 
in the Marianas (Wu, 1972). 

The northern part of the Lau-Havre Basin is more complicated. WeEIssEL (1977) 
interprets the magnetic profiles based on the back-arc opening model, but the patterns 
are by no means clear. ScLaTER éf al. (1972) had earlier interpreted similar data quite 
differently. Porutis (1978), using Sclater’s model, hypothesized an opening of the Lau 
Basin through shear along the left-lateral fault separating the Fiji Plateau from the south 
Fiji Basin (see also Wu, 1972). It is a question however, whether the lithosphere is rigid 
enough to transmit this stress for over 1,000 km. It is possible that the Pacific Plate is 
connected or coupled strongly through large-scale asperities on the plate boundary to the 
south Fiji Basin and the lithosphere behind the Tonga arc is torn apart at its weakest points, 
namely where the magma rises from the subduction zone. In fact, morphologically Lau 
Ridge and the Fiji Islands are continuous and the Fiji Islands have apparently undergone 
counter-clockwise rotation in the recent past (GREEN and CULLEN, 1973), indicating the 
nature of the deformation of the Fiji Plateau. 

Another factor worth considering is that the descending slabs, especially those descend- 
ing at higher rates are denser than the surrounding mantle material due to the lower 
temperature in the slabs (Mrngar and Toxs6éz, 1970). Secawa and Tomopa (1976) 
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confirmed Minear and Toksoz’s result by demonstrating that if the known crustal density 
structures near northeast Honshu and across the Shikoku Basin, Izu-Bonin Ridge and 
Izu-Bonin Trench are taken into account, then a heavier slab with 4o~0.05 g/cm? is 
needed to fit the free-air anomally data. In the presence of this denser slab, isostatic 
equilibrium is maintained if the material over the slab is less dense than the surrounding 
or if the column, i.e., with a depression over the slab, or a combination of both. According 
to the Airy principle (HEIsKANEN, 1938), the elevation of anomalous column is related to 
the excess density in the slab p,, the vertical thickness of the slab 4R and the density of 


the average mantle o, by 

fee eel 
If 4R=100 km, p,—p,=0.05 g/cm3, 9,=3.25 g/cm3, the A=1.54 km, 1.e., if the density 
over the slab remains the same as the surrounding, the backarc trough should be 1.54 km 
deep; if the density is lower, as one would expect from the upward curved isotherms 
(Toxs6z and Birp, 1977), then the trough would be shallower. 

If isostatic readjustment is the mechanism for the formation of the interarc basin, 
then the isostatic anomaly over the interarc basin should approach zero and the width 
of the basin should be correlated with the presence of the slab underneath: the gentler 
the dip the wider the basin. The variation in width of the Lau-Havre Basin behind the 
Tonga-Kermadec arc can perhaps be explained this way. One could imagine that the 
adjustment would be more complete as the mantle material above the slab heats up and 


flows more readily. 


5. Conclusion 


By invoking the absolute motion of the plates, i.e. relative motion between the tectonic 
plates, and the more or less stationary mesosphere, we are able to explain the vertical 
profile of some of the Benioff zones. Although we are only making a qualitative cor- 
relation of the various factors involved, a numerical modelling of the situation is desirable. 
In fact, in order to deal with the details of the rather complex profiles of the different 
zones, one needs to do such modelling. 

With regard to the interarc basins, we have proposed some additional mechanisms 
to explain their existence, recognizing that these mechanisms are probably neither universal 
nor complete. So far, the study of the interarc basins are limited to the use of magnetics, 
shallow seismic reflection method, heat flow and dredging. For further details of the 
deeper structures under the more interarc basins, seismic refraction profiles and/or reflec- 
tion profiles are perhaps needed to yield additional critical data. 


The support of NSF Grant EAR76-14457 and INT76-20073 during the course of the work is acknowl- 
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Some of the fundamental features of plate tectonics are interpreted in connection with 
the behavior of oceanic crust. It is shown to be likely that the oceanic crust which is pro- 
duced at the mid-ocean ridge by chemical differentiation may be removed from the down- 
going slab by melting at the depth of asthenosphere behind the deep-sea trench. The 
melting of crustal material after the subduction is made possible by an efficient supply of 
heat through the well-developed asthenosphere with a low-velocity and high-attenuation of 
seismic waves. ‘The removal of subducted oceanic crust from the slab is consistent with the 
positive gravity anomaly behind trenches and the double Benioff zone recently discovered. 
We propose new type of driving forces of plate motion, which arises from the density con- 
trast between the crust and mantle when the oceanic crust is either created or destructed. 
The proposed driving mechanism is consistent with the non-uniform size and shape of in- 
dividual plates, the migration of mid-ocean ridges and compressional intraplate stress, 
while these facts are difficult to understand in the framework of conventional models. A 
continuous accumulation of basaltic magma beneath the trench-arc system results in 
a catastrophic overflow of material, which corresponds to back-arc spreading. The picture 
presented in this paper explains the evolution of marginal basins that is characterized by 
the presence of remnant arcs, the changes in stress field and the dip angle of the slab, and the 
anomalous depth-age relationships. 


1. Introduction 


Although the reality of plate tectonics leaves no room for doubt, the physical mecha- 
nism that governs the process is not clear. It is widely believed that some form of thermal 
convection in the earth’s mantle is the ultimate origin of the driving forces of plate motion 
(e.g., TURCOTTE and Oxsurcu, 1972; O’ConNnELL, 1977). The validity of the convec- 
tion hypothesis is, however, not totally convincing. Non-uniform size and shape of 
individual plates do not seem to reflect the regular cells that are expected from ordinary 
thermal convection. It is uncertain that mantle convection can penetrate into the 
mantle to the depth comparable to the large horizontal scales of the Pacific and Eurasian 
plates. The migration of a mid-ocean ridge relative to deep-sea trenches also puzzles us, 
if we identify the ridge and trench as the positions of upwelling and downgoing flow of 
mantle convection. It is really mysterious that a ridge is sometimes subducted under 
a trench (ATwaTeR, 1970; Hip: ¢t al., 1977). 

Some investigators prefer to stress the gravitational effect of lithosphere, rather than 
the role of deeper mantle (Hates, 1969; Jacopy, 1970; Ricuter, 1977). According to 
them, the lithosphere is more dense than the asthenosphere, and it has the tendency to 
sink. Although such density reversal indeed produces a driving force of plate movement, 
it is difficult for the idea to explain the stability of large plates. As far as the ordinary rheo- 
logical properties are assumed for the solid earth, the unstable lithosphere should be divided 
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into much smaller segments than actually observed, within very short time compared 
with the tectonic time scale of plate tectonics (RAMBERG, 1968). Sometimes it 1s assumed 
that the lithosphere become’ unstable only after it is sufficiently cooled. In this case, 
a negative bouyancy that the downgoing slab is subjected to is considered as the main 
driving force. This view predicts that all the plates should be subducted at nearly the 
same age determined by the thermal properties of the earth. In fact, however, some very 
old plates float stably in spite of the sinking of much younger plates. Furthermore it is 
expected that dominant extension should be generated by the negative bouyancy in most 
area of plates. This again contradicts compressional intraplate stresses actually observed 
(Sykes and Spar, 1973). 

We have thus several paradoxes, when we try to formulate the physical mechanism of 
plate tectonics, based on the effect of thermal expansion. These paradoxes seem to be 
serious enough to suggest that some important factors might have been neglected in 
conventional models. In this paper, we would like to evaluate a possible effect of chemical 
differentiation, particularly the differentiation of asthenospheric material into the oceanic 
crust and mantle. Although the Mono is one of the most distinctive boundaries in the 
earth’s interior, the crust is usually neglected in the dynamics of plate motion. The crust 
is regarded as moving passively with the lithospheric plate, even if it may be sometimes 
involved in the phenomena that results from plate motion. In this paper, we would like 
to examine a possible role of the crust in the driving mechanism of plate motion, and we 
attempt to construct a picture of plate dynamics consistent with the known facts, based 
on the evolution of oceanic crust. 

The trench-arc system contains some interesting features whose tectonic meaning has 
not yet been well understood (Uyepa, 1977). In particular, the evolution of marginal 
basins is determined not only by the nature of subductions, but also the mechanism to 
initiate and keep the activity of sea-floor spreading. Various models have been proposed 
to interpret the formation of marginal basins. ‘They include the mechanisms of a mantle 
diapir (Karic, 1971), a convection induced by the downgoing slab (Toxs6z and PETER, 
1977), and relative motion between the continental and oceanic plate (UyEDA and Kana- 
MORI, 1978). These theories, however, do not seem to give a definite answer to the follow- 
ing fundamental questions. (1) How does the process of subduction supply the heat and 
material that are necessary to the evolution? (2) What determines whether the volcanic 
activity involves the growth of continental lithospheres or back-arc spreading? To 
answer these problems, we propose a model of the evolution of trench-arc systems, which 
again involves the crustal material in most essential point of the mechanism. 


2. Creation and Destruction of Oceanic Crust 


The meterial in the crust is characterized by the melting point that is substantially 
lower than those of mantle minerals. This is the main reason why the oceanic crust 
forms a discrete part when the oceanic lithosphere is created at mid-ocean ridges. For 
the same reason, the oceanic crust would be melted again after the downgoing lithosphere 


is heated enough. We begin our study with considering the manner of such creation and 
destruction of oceanic crust. 


2.1 Creation 


The structure of mid-ocean ridges have been clarified fairly well by the observations 
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made there on magnetic anomaly, seismic velocities, heat flow and gravity (e.g., ForsyTH, 
1977). The boundary between the lithosphere and asthenosphere reaches almost the 
ocean bottom beneath the ridge axis, and it becomes deeper with increasing distance from 
the ridge axis. Such a structure is usually understood as a result of gradual growth of 
the lithosphere (PARKER and OLDENBURG, 1973; YosHn, 1973). Namely the lithosphere, 
which was born at the ridge, grows thicker by the solidification of asthenospheric ma- 
terial at its bottom, as it is moved sideways and cooled. The lithosphere has a distinctive 
layer of oceanic crust on its top, while similar layered structures may be also produced in 
deeper part of the lithosphere, as was suggested by Yosum et al. (1976) and Oxpurcu and 
PARMENTIER (1977). Here we consider only the effect associated with the oceanic crust 
whose structure is well known, even though any layered structure in the lithosphere should 
have similar effects. The oceanic crust is made from basaltic magma which has been 
squeezed by gravity from the asthenosphere. The crust is thus characterized by lower 
density as well as lower melting-point than the mantle part of oceanic lithosphere. 

We should pay a special attention to the following points, when we consider the 
dynamical effect of mid-ocean ridges. First it is not only the crust but the entire litho- 
sphere that is produced at the ridge. We may thus regard the formation of oceanic litho- 
spheres as a process of chemical differentiation of asthenospheric material with the help 
of gravity. In the second place, isostatic balance is almost completed over the area includ- 
ing the ridge axis, since no remarkable free-air gravity anomaly is found there (KAULA, 
1969). This means that the asthenosphere may be treated as a fluid layer in our discussion 
of mechanical properties. 


2.2 Destruction 

From the presence of active orogeny along trenches, it is expected that both heat and 
material should be supplied to the area behind trenches, directly or indirectly from the 
process of subduction. High heat-flow that is often observed in arcs and marginal basins 
(WaTANaBE et al., 1977) can be understood in the same context. However it is not easy 
to find the actual mechanism to supply such heat and material. According to the calcula- 
tions made by several authors (e.g., Toxs6z et al., 1973; ANDERSON ¢t al., 1978), the sinking 
slab is expected to cool its environment so effectively that the subduction would rather 
hinder thermal activities of the trench-arc system. Abnormally high stress along the slab 
is required to obtain sufficient heat from the friction associated with the downgoing move- 
ment of slab (Hasrse et al., 1970). The dehydration of hydrous minerals that occurs in 
the slab at a certain depth remarkably reduces the melting point, but the same reaction 
also absorbs substantial latent heat (ANDERSON ef al., 1976). 

This difficulty is resolved if substantial heat is supplied through the asthenosphere 
adjacent to the slab. In fact, the low-velocity and high-attenuation zone of seismic wave 
observed below a very thin lithosphere (Ursu, 1971) means that the asthenosphere is well 
developed beneath island arcs and marginal basins. Although only conductive heat is 
taken into account in ordinary calculations of the thermal process of trench-arc systems, 
it is probable that heat is transferred much more effectively through the asthenosphere by 
the migration of magma and various small convections. ‘Therefore the asthenosphere 
would bring sufficient heat from broad area surrounding the trench-arc system to melt 
the subducted oceanic crust. Once the melt of subducted crust is poured into the astheno- 
sphere, the region occupied by the asthenosphere is further expanded, and heat transfer 
is made more efficient. Radioactive elements brought with the molten crustal material 
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also produce some amount of heat in the asthenosphere. It should be noted here that 
the melting of subducted crust and the growth of asthenosphere could strengthen each 
other in this mechanism, since a positive feedback works. As a result of such a coopera- 
tive interaction between the slab and asthenosphere, both the heat and material would be 
available to the active volcanism and the high heat-flow in the trench-arc systems. 

We have shown that the melting of subducted basalt is made possible by the feedback 
mechanism mentioned above. It seems difficult to interpret the origin of thermal and 
volcanic activities behind the trenches without considering the role of molten crustal 
material. In fact, there is a big debate on whether or not subducted crust actually melts 
in the upper mantle. Some petrologists point out the evidence that supports the melting 
(e.g., Rincwoop, 1977), but others have opposite opinions. Since such petrological discus- 
sions are too complicated to readily draw any definite conclusions, we here restrict our- 
selves to the examination of other geophysical problems that are related to the behavior of 
the subducted oceanic crust. 

It is sometimes maintained that deep seismicities along Benioff zones mean the pres- 
ence of unmelted oceanic crust on the slabs. Based on more accurate determination of 
seismic sources, however, it was made clear that the Benioff zone actually consists of two 
separate layers (Umino and Hasgecawa, 1975; ENGDAHL and ScHotz, 1977), as is sketched 
in Fig. l(a). The upper plane that may be identified as the layer of oceanic crust dis- 
appears below about 100 km depth. Therefore the seismological observation now sup- 
ports the destruction of oceanic crust at about the depth corresponding to the top of 
asthenosphere. 

Free-air gravity anomaly is dominantly positive behind trenches (KAuLA, 1969; 
Wart and Taiwan, 1974; Segawa and Tomopa, 1976), as is shown in Fig. 1. This 
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Fig. 1. A brief sketch of the distributions of free-air gravity anomaly 
(top), topography (center) and Benioff zone (bottom) in the 
trench-arc systems. The distribution in northeastern Japan (a) gives 
a typical example of the inactive arc. Bonin (b) and Mariana basins 
(c) are classified by Karic (1971) as the regions with active back- 
arc spreading. Data after Warr and Tatwant (1974), SEcawa and 
Tomopa (1976), Umino and Hasecawa (1975), and KaTsuMATA 
and Sykes (1969) are reproduced. 
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anomaly is often explained by a density structure beneath arcs (e.g., Secawa and Tomopa, 
1976). It is not reasonable, however, to attribute the whole anomaly to such a structure, 
because the scale of time and space involved is too long for the structure to resist against 
isostatic adjustment. For instance, the effect of dense lithosphere beneath the arc should 
have been compensated by isostatic sinking of island arcs regardless of the motion of slabs, 
as far as the thickness and dip angle of slab are kept unchanged. Instead we can at- 
tribute the gravity anomaly to non-isostatic pressure that is caused by the excessive crustal 
material continuously brought by the slab. The presence of excess material naturally 
causes a positive gravity anomaly. The observed gravity anomaly corresponds to the 
amount of crustal material that has been supplied by the subduction during about 0.5 my. 
Therefore we can easily explain the magnitude of anomaly by some tectonic process 
including the removal of basalt from the slab. 

It is quite probable that some part of subducted oceanic crust rises as magmas to the 
orogenic belts. The magmas may either come directly from the downgoing slab, or 
indirectly after they are mixed with asthenospheric material adjacent to the slab. In any 
case, continuous subduction is able to give unlimited supply of basaltic magma. It is 
estimated, however, that only minor part of subducted crust is spent for the volcanism in 
arcs. If all the basaltic crust subducted were converted into the continental lithosphere 
of 100 km thickness, the continental area should grow at as high a rate as 600 km in 100 my 
for the subduction rate of 10 cm/year. In practice, we do not have any evidence of such 
a high growth-rate during recent 200 my. ‘The estimate of volcanic extrusive material 
in arcs is also much less compared with the amount of subducted oceanic crust (NAKAMURA, 
1974). 

Therefore we have to conclude that material steadily accumulates in the upper mantle 
with the process of subduction. A catastrophic overflow of material may be expected 
from such a continuous accumulation. Later we propose that the catastrophe results in 
the opening of a marginal basin. It is also expected from the proposed behavior of oceanic 
crust that basaltic component should increase in the asthenosphere with continued sub- 
duction. Such a change of chemical composition must finally result in a process that 
involves the growth of continents. The author believes, however, that the formation of 
continents is not a stationary process associated with the subduction, but it takes place 
rather intermittently (Ida, manuscript prepared). 


3. Driving Forces of Plate Motion 


In this section, we consider the driving forces of plate motion that originate from the 
density contrast between the crust and mantle of oceanic lithosphere. We propose a new 
type of ridge push that is associated with the construction of oceanic crust. ‘The trench 
pull considered here is caused by the increase in the density of slab due to the loss of the 
crustal component. ‘The transfer of heat is necessary to realize either the ridge push or 
trench pull, particularly to solidify or melt crustal material. However the thermal effect 
is only implicit and the forces are formulated in terms of the density contrast and gravita- 
tional constant. To emphasize the role of oceanic crust, we neglect the volume change 
due to compression, thermal expansion and fusion. Since these factors have additional 
contributions to the pressure distribution in the earth’s interior, we may include these 
effects simply by superimposing them to the value estimated here. 
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Fig. 2. The mechanism of ridge push associated with the gravitational 
differentiation of asthenospheric material. (a) The structure of 
oceanic lithoshere and asthenosphere in the area including the 
ridge axis. (b) The distribution of pressure as a function of depth at 
the lithosphere-asthenosphere boundary (1) and in the interior of 
lithosphere (2). 


3.1 Ridge push 

It is schematically illustrated in Fig. 2(a) that the oceanic lithosphere that consists of 
the crust of thickness H; and the mantle of thickness Hz is generated as a result of the 
chemical differentiation of asthenospheric material. To pick up the effect of differentia- 
tion alone, let us assume that the asthenosphere is mixture of the crust and mantle materials 
so that the density po of the asthenosphere is determined from the densities 01 and 02 of the 
crust and mantle, respectively, as 


00=(H101+ A202) | (Ai+Ae). (1) 

We have already pointed out that isostasy approximately holds over the area including 
a ridge. In other words, the asthenosphere behaves like a fluid so that the pressure in 
the asthenosphere is everywhere the same at the same depth. Noting this, we obtain the 
pressure distributions in the interiors of lithosphere and asthenosphere, as are given as 
a function of depth in Fig. 2(b). The two distributions intersect each other at the bottom 
of the lithosphere because of isostasy, and also at the top of it on account of the assumption 
(1). 

It should be noted that isostasy is concerned only with the balance of vertical forces. 
Let us consider the horizontal force that acts on the edge segment of lithosphere in Fig. 2(a). 
The forces involved are graphycally displayed in similar method used by Frank (1972). 
The total force is given by the push from the lithosphere-asthenosphere boundary minus 
the reaction from the interior of lithosphere. Each of these forces is obtained by integrat- 
ing the pressure distribution given in Fig. 2(b) over the entire depth to the bottom of 
lithosphere. Clearly we have an unbalanced push Fr, which corresponds to the area of a 
hatched triangle on the pressure-depth plane, and which is mathematically expressed per 
unit length of the ridge axis as 


Fr=(9/2)¢(1—¢) (02—01) (A+)? (2) 
where ¢=H,/(H,-++Hg2) and g is the gravitational acceleration. 
The force Fz works so as to move the plates away from the ridge axis. When the plate 
moves steadily, /, should be balanced with the other forces, including other driving 
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Fig. 3. A negative buoyancy force associated with the re- 
moval of the oceanic crust from the subducted slab. 


forces, viscous drags, and frictional resistances. It is seen from Eq. (2) that Fy is positive 
only when 91 is smaller than oz. ‘This reflects that F, originates from the effect of gravity 
that tends to reduce the energy by lifting up lighter material and sinking heavier deeper. 
As a representative value of Fy, we have 0.75 x 1015 dyn/cm, assuming Hj=6 km, H,+ 
Hz=90 km and o2—91;=0.3 g/cm?. ‘This forces has the same effect as a uniform hori- 
zontal compression of 83 bar does across a vertical section of the plate. 

It is pointed out that ridge push also plays an essential role in keeping the activity of 
the ridge itself. Ifthe plates containing a ridge could not be moved aside by such a push, 
the solidification of asthenosphere would be made possible only by the retreat of astheno- 
sphere. Therefore the effect of cooling would finally produce the structure that is nothing 
but a lithosphere of normal thickness. In other words, continuous reproduction of 
lithosphere is assured only under the action of ridge push. When ocean floor is spreading, 
upward flow in the asthenosphere brings the heat and keeps the asthenosphere in the state 
of partial melting. 


3.2. Trench pull 

A pull from downgoing slab is available, if the oceanic crust is removed from the slab 
at some depth beneath the trench (Fig. 3). Namely a negative bouyancy due to the 
increased density of the slab yields the following driving force Fy: 

Fy =9(02—00) H2L sin 0 (3) 

where @ is the dip angle of the slab, and L is the length of the slab which is free from the 
low-density crust. Based on the deep seismicity along Benioff zone, we may tentatively 
assume 600 km as a typical value of the vertical extension L sin#. Then we have /y= 
1.0 1016 dyn/cm, using the same values of Hj, H and 02—(o as in the estimate of FR. 
This value of F, is equivalent to the uniform stress of 1.1 kbar working on the section of 
the slab. 

It is emphasized that the numerical value estimated above gives only an idea of the 
magnitude of Fy. The process of subduction involves various complicated effects that 
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are difficult to evaluate correctly at present. The asthenospheric density 9 may be 
smaller in the mantle wedge above the slab, because it may contain more abundant melt. 
The phase transformations occurring in the transition zone of the mantle may change the 
density contrast 02—p1. When the basaltic crust is transformed into eclogite within the 
slab, we have an additional pull corresponding to the density increase. These factors 
should be carefully estimated in more advanced study. 


3.3 Remarks 

We have evaluated the driving forces of plate motion that are associated with the 
creation and destruction of oceanic crust. Besides the effects proposed here, many theories 
have provided with various specific mechanisms to cause the forces acting on the plates 
(Hares, 1969; Jacopy, 1970; ExsaszerR, 1971; Frank, 1972; ArtyusHKov, 1973; 
OxpurGH and ParMENTIER, 1977). Although we do not intend to critically review these 
theories, it does not seem that the paradoxes of plate motion that have been pointed out 
at the beginning of this paper are systematically resolved by any of them. Therefore we 
would like to go our own way and to examine if the idea that plate tectonics is subject 
mainly to the driving forces proposed here could overcome the paradoxes. We should 
first recall that our mechanism is able to produce as high stress as is believed to actually 
realize in the interior of plates. Compared with those theories referred to above, it is the 
most remarkable point that our mechanism works even if plates are gravitationally stable 
against the asthenosphere. Both ridge push and trench pull that are proposed here are 
effective regardless of the bulk density of lithosphere, as far as the crust has lower density 
than the mantle. 

The mechanism that produces either Fp or Fy involves only localized area in the 
vicinity of a ridge or a trench. ‘Therefore we may regard Fz and Fy as being independent 
of each other. This is a remarkable nature, compared with the mechanism of thermal 
origin in which we must consider heating and cooling simultaneously as complementary 
processes. ‘The independence of F, and Fy brings about a great flexibility of the plate 
dynamics. It turns out to be quite natural that some plates can move without any sub- 
duction. ‘The driving mechanism does not give any a priori restriction on the size and 
shape of plates. A mid-ocean ridge is permitted to migrate on the global surface, and 
even to collide with a trench. 

Let us note that our estimates yield F,/Fp=13. Forsyra and Uyepa (1975), and 
CuappLe and Tutus (1977) determined relative magnitude of various forces acting on 
the different type of plate boundaries, so as to interpret the distribution of absolute veloc- 
ities of existing plates. The ratio /y/Fz obtained by them falls between 10 and 20, being 
consistent with our value. 

Since our trench pull does not require that the plate spontaneously sinks by its own 
weight, we should understand that the subduction of plates is enforced by a horizontal 
compression. ‘This idea is consistent with observed compressional stress in the interior 
of lithosphere (Sykes and Spar, 1973). Compression may be produced at least partly by 
pushes from ridges. Extensional stresses observed in some area are regarded as exceptional 
cases involved in particular deformations that are probably restricted to the layeres close 
to the earth’s surface. For instance, the oceanic crust stretched by sea-floor spreading 
invloves extensional field in the vicinity of ridge crests. The extension seaward of deep-sea 
trenches is connected with the bending of lithosphere. 

The pull /, in Eq. (3) works only after the slab sinks to a certain depth. In the 
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circumstance where the continental and oceanic lithospheres push against each other at 
deep-sea trenches, large friction at the plate boundary would prevent the pull from acting 
effectively on the plate that has not yet been subducted. It is thus expected that such 
interplate interaction substantially reduces the effect of Fy as the driving mechanism. 
In fact, FRosyrH and Uyepa (1975) and Cuappie and Tutus (1977) independently 
obtained at trenches such large resistance against plate motion as almost entirely cancels 
out the effect of the pull. 

According to Umino and Hasgecawa (1975) and ENcpaut and Scuotz (1977), ob- 
served focal mechanisms of earthquakes indicate that there are compressional stress on the 
upper layer, and extensional on the lower layer along the two-layered structure of Benioff 
zone. ‘There are several possibilities to interpret this, such as an unbending of the litho- 
sphere during subduction (ENGDAHL and Scuo1z, 1977). In connection with our model, 
the following mechanism also appears probable. Down-dip extension on the lower 
layer is caused by negative bouyancy F, while down-dip compression on the upper layer 
corresponds to the resistance against the intrusion of oceanic crust into the mantle. 


4. Evolution of Marginal Basins 


4.1 Model 

We would like to propose that the continuous supply of subducted crustal material 
should result in such an evolution of the trench-arc system as is displayed by a cartoon in 
Fig. 4. In the first stage of this figure, some part of the subducted crust is spent as rising 


Fig. 4. The evolution of trench-arc system. (a) The 
formation and growth of an island arc. (b) The 
accumulation of material beneath the arc, ac- 
companied by sharp bending of the slab, and by 
the extenstion in the arc. (c) The back-arc spread- 
ing after a catastrophic overflow of material. 
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magmas that grow island arcs (Fig. 4(a)). When the resultant volcanic material has 
almost occupied the whole ,space adjacent to the trench, further extrusion or intrusion 
is made difficult, and almost all the material is obliged to stay in the asthenosphere. 
Therefore excessive material gradually accumulates beneath the arc, accompanied by 
higher pressure in the asthenosphere than the isostatic value. Such pressure, which is 
observed as a positive free-air gravity anomaly, would push the slab aside so that the 
subducted slab may be bent steeply (Fig. 4(b)). The same effect should stretch the litho- 
sphere overlying the asthenosphere, and thus extensional stress field appears in the arc. 
Finally the lithosphere along with the arc is torn away, and asthenospheric material rises 
to occupy cracked space (Fig. 4(c)). This is regarded as the opening of margianl basin. 

In the story mentioned above, it is considered that the marginal basin is opened by 
the increased pressure of asthenosphere containing excess material. Alternatively it is 
possible to attribute back-arc opening to a gravitational effect. With the continuation of 
subduction, the asthenosphere contains more basaltic melt, and its mean density becomes 
smaller. When a density reversal is achieved between the lithosphere and asthenosphere, 
the structure is no longer gravitationally stable. Therefore the asthenosphere may rise, 
intruding into the lithosphere, in the same mechanism as salt domes. 

In either case, the structure similar to the mid-ocean ridge that contains a shallow 
asthenosphere is brought about after the cracking of the arc. ‘Therefore it follows the event 
that oceanic lithospheres are produced on both sides of the opening center, accompanied 
by ocean-floor spreading. It should be noted here that the rise of hot material does not 
always result in back-arc spreading. ‘The spreading requires the action of ridge push and 
thus large-scale uplift of asthenosphere. ‘This is an essential point to understand the differ- 
ence of volcanism between the ridges and orogenic belts. 

In the beginning of the spreading, the material that is necessary for the formation of 
new ocean basin is easily available from the store that has been accumulated. Once the 
source is exhausted, however, material must be brought from somewhere, probably by the 
flow through asthenosphere, in order to keep the activity. In the marginal basins, such 
flow may be obstructed by the presence of adjacent slabs and continents. Therefore the 
spreading would often be obliged to decelerate and even to stop. In this case, the lack of 
material must cause a suction and make the slab return to the position with smaller dip 
angle. ‘Then we have a circumstance similar to the first stage, and we may expect that 
the process described above is repeated. Namely a cyclic evolution might take place in 
the trench-arc system. 


4.2 Remarks 

The following facts on the evolution of marginal basins can be interpreted by the 
picture described above: 

1) The presence of frontal and remnant arcs surrounding the marginal sea is ex- 
plained in this model by the cracking due to excessively accumulated material below the 
arc. 

2) The Benioff zones beneath active marginal basins (Fig. 1(b) and (c) reproduced 
from KaTsuMATA and Sykes, 1969) look as if they were bent by the push working on the 
slab in the depth of asthenoshere. 

3) The stress field in active marginal basins is believed to be extensional, while 


compressional stress is observed in inactive arcs (Karic, 1971; Uyepa and KANamort 
1978), 


Oceanic Crust in the Dynamics of Plate Motion and Back-Arc Spreading 65 


D 
B opLAu BASIN 
2 
T, PEGGIE R 
H_ FROKINAWA ee 
sho, TROUGH 
KM BBENHAM 
448 KYUSHU-PALAU P'S) 


5 

6 

- Fig. 5. The depth of marginal seas compared with the curve 
0 10 ZONE mERLOy SO 60 for normal oceans (after Kobayashi). 


4) According to Kopayasui and Naxapa (1978), the depth of marginal sea is 
shallower for very young basins, compared with the depth of normal ocean with the same 
age (Fig.5). The lifting of young ocean bottom is explained by the excessive material 
existing below. On the other hand, Fig. 5 points out that the sea with older basins be- 
comes deeper than normal. ‘This can be attributed either to the lack of asthenospheric 
material in the final stage of spreading, or to an isostatic adjustment to compensate the 
effect of dense slab. 

5) It is observed in the Shikoku basin that the rate of spreading actually decreased 
from the initial high value (KoBAyAsHI and Naxapa, 1978). 

6) The evolution of island arcs and the back-arc spreading is actually repeated in 
the northwest Pacific. 

According to our model, whether an island arc grows or ocean-floor spreads behind 
a deep-sea trench is determined by the depth of lithosphere-asthenosphere boundary. 
It is suggested that such picture is consistent with the difference of volcanic activities, as 
follows. During the stage in which arcs grow, magma must penetrate through long 
narrow conduits from deep asthenosphere. Chemical fractionations that possibly take 
place on the way to the surface produce various compositions, including andesitic and 
granitic magmas (Rincwoop, 1977). When ocean-floor is spreading, original basaltic 
magma could extrude directly from shallow asthenosphere without appreciable fractiona- 
tion. The resultant magma is considered to be abyssal tholeiite. 

Some deep-sea trenches do not have any marginal sea attached to them. Let us 
consider the case of the Peru-Chile trench as one of the most typical examples. It is known 
that no clear low-velocity zone is found beneath Andes (James, 1971). On the other hand, 
we have pointed out that the formation of marginal sea must be supported by the efficient 
transfer of heat through asthenosphere. Therefore our model interprets the connection 
between the absence of marginal basin and the undeveloped asthenosphere behind the 
Peru-Chile trench. 

Then why has the asthenosphere been kept undeveloped there in spite of the long 
history of active subduction? One of the possible answers is that major part of subducted 
material may be supplied to the region below the Atlantic Ocean, passing beneath South 
America. Such process may be understood consistently with our model, if we regard the 
South Atlantic Ocean as a marginal sea of Peru-Chile trench. This means that we 
classify the Atlantic, and the other oceans except for the Pacific, into the same category 
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as ordinary marginal basins. Even if this may look too fantastic an idea, it may not be 
totally unsound, because these oceans do not have any deep-sea trenches on their own. 
If this idea is acceptable, we’are led to an attractive hypothesis that the subduction along 
the rim of the old Pacific, created the other oceans, and gave rise to the continental drifts. 
This hypothesis seems to be worthy of further examination, because it could reduce the 
formation of most oceans to a single mechanism related to subduction. 


5. Conclusions 


We have shown that the oceanic crust should play an important role in the basic 
dynamics of plate motion, particularly in the tectonic activities of the trench-arc system. 
Main results obtained here are summarized as follows: 

1) Shallow asthenospheres beneath the active spreading center of the oceans and 
marginal basins cause a gravitational differentiation of the oceanic lithosphere between 
the crust and mantle. The differentiation generates the force that drives the lithospheric 
plates aside and keeps the steady activity of the ridge itself. 

2) Various pieces of evidence including seismology, heat flow and gravity support 
the idea that the subducted oceanic crust is melted and poured into the asthenosphere. 
The asthenosphere that has been developed as a result of the supply of basaltic magma 
works as a good conductor of heat. 

3) The ridge push and trench pull that are respectively associated with the construc- 
tion and destruction of the oceanic crust overcome some paradoxes involved in the dynam- 
ics of plate motion. 

4) The evolution of trench-arc system including back-arc spreading is formulated 
as a cyclic process associated with the accumulation and dispersion of crustal material 
that is supplied from the subducted slab. The proposed model gives a dynamical picture 
that is consistent with known characteristics of the evolution. 


I would like to thank Prof. K. Kobayashi who suggested to me that I might consider the problems discus- 
sed in this paper. Prof. S. Uyeda kindly read the first draft of this paper and gave me lots of valuable com- 
ments to improve it. 
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BASIC TYPES OF INTERNAL DEFORMATION OF THE 
CONTINENTAL PLATE AT ARC-ARC JUNCTIONS 
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(Received July 6, 1978; Revised October 30, 1978) 


Near the junction of two arc systems, the state of stress within the earth’s crust often 
appears to differ from the regional trend. The internal deformation of the continental 
plate at arc-arc junctions is probably controlled by geometrical configurations and the forces 
acting on the plate edges. If forces acting on the two neighbouring plate boundaries which 
intersect at a junction are not parallel to each other, convergence (or divergence) or shearing 
would take place at the junction. Ata plate edge, four types of force (or displacement) can 
be assumed, whose direction is constrained by the strike of the edge. Thus four types of 
deformation can be expected within the continental plate near an arc-arc junction. One 
of these four basic types appears to be dominant in the real earth, probably because of the 
limitation on possible combinations of force (or displacement) types acting on the two 
neighbouring plate boundaries. The anomaly in the state of stress found near the junc- 
tions of the Kurile and Japan arcs and of the Aleutian and Kamchatka arcs may be related 
to a shearing force acting on the obliquely converging plate boundaries. 


1. Introduction 


The plate tectonic hypothesis basically assumes an absence or near absence of defor- 
mation within plates. While this assumption seems to be a good working hypothesis for 
many purposes, deformation within plates has begun to arouse considerable attention on 
the part of seismologists (e.g. Sykes and Spar, 1973; Forsyru, 1975; Suimazaxt, 1976; 
Stem and Oxat, 1978; Syxes, 1978). The study of intraplate deformation promises to 
provide an important clue to a better understanding of global tectonics as well as facilitating 
the assessment of seismic risk for nuclear power plants, high dams, and other crucial 
constructions. Among various interesting aspects, this paper discusses only the deforma- 
tion within the continental plate near an arc-arc junction, where the state of stress often 
appears to be different from the regional trend. Anomalies in the state of stress can be 
found north of the junction of the Aleutian and Kamchatka arcs, northwest of the Kurile- 
Japan arc-arc junction, near the point of acute bending of the Nazca-South American 
plate boundary, and possibly northeast of the intersection of the Himalaya and Burma 
arcs. Although explanations which are essentially the same as those described in the 
following were suggested for a few specific cases (MOLNAR et al., 1973; Cormier, 1975; 
SraupDER, 1975), no systematic description of the possible types of internal deformation of 
the continental plate at an arc-arc junction has previously been made. 

The first part of this paper is devoted to a brief review of the anomalous state of stress 
at arc-arc junctions. Then, we will derive four basic types of intraplate deformation at 
junctions, assuming four possible types of force (or displacement) at the plate edges. If 
the forces acting on the two neighbouring plate boundaries are not parallel to each other, 
convergence (or divergence) or shearing will take place at the junction. This is the basic 
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idea of this paper. For the sake of simplicity, we restrict ourselves to a two-dimensional 
problem: only horizontal forces (or displacements) will be considered at plate edges. 
Because of this restriction, features probably related to the three-dimensional nature of 
arc-arc junctions will not be discussed in this paper. Among these are the negative iso- 
static gravity anomaly and Quaternary subsidence found near the intersections of the 
Kurile and Japan arcs and of the Japan and Izu arcs (Hess, 1948; Sucmmura and Uyepa, 
1973). 


2. Anomalous State of Stress at Arc-Are Junctions 


In this section, several examples of anomalies in the state of stress found at arc-arc 
junctions will be shown. We do not attempt to examine every arc-arc junction for 
anomalies; only those junctions where pertinent data are available will be discussed. 


2.1. The Kurile- Japan arc-are junction 
Northwest of the Kurile-Japan arc-arc junction, the earth’s crust is contracting roughly 
NNE-SSW, or perpendicular to the bisector of the junction, while in the surrounding 
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Fig. 1. Local axes of maximum compression (con- 
traction). The thin solid lines with dots indicate 
strikes of the local axes of maximum contraction 
obtained by NAKANE (1973), on the basis of re- 
peated triangulation surveys. The broken lines 
show the trend of maximum compression axes 
estimated from in-situ stress measurements (ITo 
et al., 1976). The bars on circles indicate trends of 
the axes of maximum compression obtained by 
Nakamura (1975) mainly on the basis of the dis- 
tribution of monogenetic craters and fissures of 
fissure-eruption volcanoes. 
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Fig. 2. Trends of maximum contraction axis calcu- 
lated from each triangle and from one hexagon 
(after Nakane, personal communication). The 
strike of the double lines shows the trend of the 
maximum contraction axis and the length of the 
double lines is proportional to the horizontal 
shear velocity. Data from triangles which show 
large closing errors are excluded. 


regions the crust is contracting E-W or ESE-WNW. These results were obtained by 
NakAneE (1973) who estimated local maximum contraction axes throughout Japan on the 
basis of repeated first order triangulation surveys using F'RANK’s (1966) method. Com- 
paring the results of the second survey in 1948-1968 with those of the first survey in 1893- 
1909, he obtained the directions of the maximum contraction axis with an accuracy of 
5°-15° by averaging results of 4-14 triangles. One exception is the local axis around 
42.0°N, 140.5°E (Figs. 1 and 2) which is directly calculated from the triangulation data of 
one hexagon (Nakane, personal communication, 1978). ‘Triangulation data in areas 
which are apparently affected by large earthquakes are not used. ‘The maximum con- 
traction axes whose directions are shown by the thin solid lines with dots in Fig. 1 can be 
considered to represent stationary, or secular tectonic strain. Behind the Japan trench, 
the axes strike nearly E-W; west of the junction of the Kurile and Japan trenches, the 
axis starts to gradually rotate colckwise and becomes roughly normal to the bisector of 
the junction, then the trend of the axis rather abruptly assumes a more or less ESE- WNW 
direction behind the Kurile trench. 

If each axis represented deformation within one triangle, such an abrupt change in 
the direction of the principal axis (roughly 90°) could be regarded as due to some error- 
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neous movement of one triangulation point connecting two geodetic triangles. But, this 
is not the case here; as mentioned earlier, all trends except one represent an average of 4— 
14 trends. Trends of maximum contraction axis calculated from each triangle are shown 
in Fig. 2. Trends of the axes of neighbouring triangles are mostly coherent and the state 
of stress gradually changes in space. The existence of an anomaly is apparent northwest 
of the junction of the Kurile and Japan trenches. Most of the geodetic triangles shown 
at the eastern end of Fig. 2 are apparently effected by co-seismic deformation associated 
with the 1952 Tokachi-Oki earthquake of magnitude 8.1 (NaKANE, 1973). The principal 
contraction axes from those effected triangles are not shown in Fig. 2. North-south 
contraction around 43°N, 143°E might also reflect the co-seismic change. 

The maximum compression axes shown by the broken lines in Fig. | are after Oka, 
who conducted two in-situ stress measurements in a bore-hole in this region by the over- 
coring method (see Iro ef al., 1976). He found nearly horizontal maximum compressive 
axes (plunging less than 10°) consistent with Nakane’s result. Also shown in Fig. 1 by 
the bars on circles are trends of the axis of maximum compression estimated mainly from 
the overall distribution of monogenetic craters and fissures of fissure-eruption volcanoes 
(Nakamura, 1975; Nakamura, personal communication). The details and the principle 
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Fig. 3. Fault plane solutions for intraplate earth- 
quakes in northeast Japan. The large circles cor- 
respond to large shocks with magnitudes in the 
range 6.2 to 7.5 (FuKAo and Furumoro, 1975; 
STAUDER and Bo.uincER, 1964; Mrxumo, 1974; 
Ase, 1975; Srauper and Muatcuin, 1976). The 
small circles correspond to small events (Morrya, 
1976). The shaded areas in each focal mechanism 
diagram indicate the quadrants of compression 


first motion of the lower focal hemisphere (equal 
area projection), 
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of the procedure to estimate the maximum compressional axis can be found in NAKAMURA 
(1977), who regards flank eruptions of polygenetic volcanoes as large-scale hydraulic 
fracturing by magma repeated over a long period of time. His results rather surprisingly 
agree with Nakane’s despite the different time scales represented, except for one trend at 
Usu volcano (42 °32’N, 140°50’E). The trend differs by roughly 80° from the geodetically 
estimated one shown in Fig. 1. However, the trend of the maximum contraction axis 
derived from a geodetic triangle surrounding Usu volcano is closer to this trend (see Fig. 2) ; 
the trend at Usu volcano itself might represent strain of some localized nature. 

The magnitude of horizontal shear strain rate in this anomalous area northwest of the 
junction, 1-2 x 10~7/year, is roughly as large as that in other areas behind trenches (NAKA- 
NE, 1973; see also Fig. 2). Those areas behind trenches are considered to be strongly 
strained by the underthrusting Pacific plate (Moc1, 1970; Snimazaxt, 1974). The 
relatively high strain rate in the area northwest of the junction has not previously been 
explained. In the following section, we will suggest that stress concentration may occur 
near the arc-arc junction. 

Fault plane solutions for intraplate earthquakes in this region are compatible with 
the local directions of the maximum compression axis shown in Figs. 1 and 2 and are shown 
in Fig. 3. The areas which are not shaded in each focal mechanism diagram indicate 
the quadrants of rarefaction first motion of the lower focal hemisphere (equal area pro- 
jection). The P-axis, which corresponds to the axis of maximum compression in a homo- 
geneous material, lies in the quadrant of rarefaction first motion and bisects the two nodal 
planes. ‘The large circles indicate fault plane solutions for large earthquakes with magni- 
tude ranging from 6.2 to 7.5 (FukAo and Furumorto, 1975; STAuDER and BOLLINGER, 
1964; Mrxumo, 1974; Ase, 1975; SraupER and Muatcuin, 1976). The small circles 
indicate fault plane solutions for small earthquakes (M=4.0, 5.2) and one composite 
solution (the southernmost one of the three) for smaller events (Mortya, 1976). Most of 
the solutions represent more or less E-W trending compression. ‘Two solutions in the 
anomalous area indicate that the axis of maximum compression rotates there by 60° to 
90°. One of the two solutions around 43°N, 141°E is different from what is expected 
from Fig. 1, but consistent with the local principal axis calculated from the geodetic 
triangle containing the event (Fig. 2). The solution probably represents tectonic stress of 
a localized nature. 


2.2. The Aleutian-Kamchatka arc-arc junction 

An interesting feature of the seismicity of the junction of the Aleutian and Kamchatka 
arcs is that the fairly active area extends 100 to 200 km north of the junction along the 
eastern coast of Kamchatka. Two large earthquakes occurred in this area during the 
past 40 years; one with magnitude 6.8 in 1945 and the other with magnitude 7.3 in 1969 
(Cormier, 1975). Zosrn and Simprreva (1977) presented fault plane solutions for 91 
earthquakes and discussed the heterogeneity of the stress field in this region. In Fig. 4 
are shown fault plane solutions for probable intraplate earthquakes obtained by Zobin 
and Simbireva or by Cormier. The attached numbers starting with Z correspond to 
earthquake numbers in Table 1 of Zopin and Stmpireva (1977) and those starting with 
C correspond to earthquake numbers in Table 2 of Cormier (1975). All the earthquakes 
are no deeper than 33 km, except one earthquake numbered Z63 which is 30-50 km deep. 
Both Cormier (1975) and Zopin and Smprreva (1977) conclude that the compressive 
stress north of the junction is nearly horizontal and normal to the eastern coast of Kam- 
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chatka, or roughly perpendicular to the bisector of the junction, although a few poorly 
constrained solutions may appear to contradict this conclusion. The inferred state of 
stress north of the junction is quite different from that in other areas shown in Fig. 4 where 
the maximum compressional axis lies more or less N-S. Cormier suggests that compression 
normal to the eastern coast of Kamchatka north of the junction may be due to crustal 
extension in the Kamchatka Basin behind the western end of the Aleutian arc. He also 
suggests the possibility that this anomaly results from the abrupt change in the strike of the 
plate boundary at the arc-arc junction. 


2.3 The bend of the Nazca-South American plate boundary near the Peru-Ecuador border 

Near the border of Peru and Ecuador, the boundary between the Nazca and South 
American plates bends acutely and shows a westward convex arcuate structure. Near 
the bend, SrauprR (1975) found an anomalous fault plane solution which represents N-S 
compression, while other solutions in Fig. 5 correspond to horizontal E-W compression. 
All the fault plane solutions except the northernmost one in the figure are taken from 
Fig. 6 of SraupER (1975). All the earthquakes discussed here are shallower than 65 km 
and considered as intraplate events; the anomalous events near the bend is 25 km deep. 
The numbers shown in the figure indicate water depth in kilometers. Although the 
foredeep of the Andes becomes shallower north of the bend, the Nazca plate is considered 
to be subducting beneath South American plate in this region on the basis of various 
geophysical measurements (e.g. MEIssNAR et al., 1976). A fault plane solution for an intra- 
plate earthquake behind this arc north of the bend (the northernmost one in Fig. 5) in- 
dicates E-W compression, as do those east and southeast of the bend. First motion data 
for this solution are shown in the Appendix. 

STAUDER (1975) suggests that the anomalous state of stress found near the bend is 
a result of the difference in the direction of subduction of the oceanic plate along the 
sharply bending boundary of the continental plate. It is also interesting to note that near 
the bend the maximum compression axis strikes roughly normal to the bisector of the corner 
of the continental plate. 


2.4 The Himalaya-Burma arc-arc junction 

The eastern Himalayas, a southward convex arc extending E-W, intersect the Burma 
arc which extends roughly N-S and is convex westward; the intersection of the two arcs 
represents the northeastern corner of the Indian plate. Mo nar et al., (1973) found 
that northeast of the junction of the two arcs three events, including the great “Assam 
earthquake,” represent normal faulting. They suggest that the Indian plate, which 
pushes north into the Himalayas, stretches the region northeast of the corner of the plate, 
and thus causes normal faulting. However, Ben-MENAHEM ef al. (1974) found that 
various seismological data of the great Assam earthquake are more compatible with 
right-lateral strike-slip faulting on a fault dipping ENE than normal faulting. Also, the 
other normal faulting in the vicinity of Kan Tzu is interpreted as representing local 
extensional stress field resulted from an offset of two segments of the Kang Ting strike- 
slip fault (TAPPONNIER and Mo3nar, 1977). Nevertheless, the fault plane solution for 
an event which occurred at the northeastern end of the Hsia Kuan graben system in 
southwest China shows predominantly normal faulting (TaPPoNNIER and Moinar, 1977). 
Although the tectonics in this region are apparently complicated, the Yunnan grabens 
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Fig. 4. Fault plane solutions near the junction of the Aleu- 
tian and Kamchatka arcs. The attached numbers start- 
ing with Z correspond to earthquake numbers in Table 1 
of Zosin and Simpireva (1977) and those starting with 
C correspond to event numbers in Table 2 of CormiER 
(1975). For focal mechanism diagrams see the caption 
of Fig. 3. 
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Fig. 5. Fault plane solutions for intraplate earthquakes 
occurring within the South American plate. First motion 
data of the solution shown at the top are given in the 
Appendix. All other solutions are obtained by STAUDER 
(1975). For focal mechanism diagrams see the caption of 
Fig. 3. 
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Table 1. Relationship between displacement (or force) types and deformation types. 


Displacement B ‘7 Deformation type 

(force) type 

cand c¢ m2 m2 Pure type CU SG—7 22 200 

t and ¢ 32/2 32/2 Te Oa <t0)2sC.ys0}2 a7 

c and t* m2 32/2 SR 

t and ¢ 32/2 m2 SL 

land r 0 0 Cc 

rand | Tt I Wp 

land 1 0) 1 SL, 0<a<n/2; SR, n[2<a<a 

rand r Tt 0 She Oa ar) 2S Lyecria oar 

cand r m/2 0 Mixed type SR and C, 0<a<3a/4; SLand T, 3a/4<a<a 
c and | [2 1 SL and C, 0<a<a/4; SRand T, af/4<a<a 
rand ¢ It m2 SR and C, 0<a<a/4; SLand T, 2/4<a<a 
land c 0 m2 SL and C, 0<a<3z/4; SRand T, 3n/4<a<a 
tand r 32/2 0 SR and T, 0<a<a/4; SL and C, a/4<a<a 

t and / 32/2 Tt SL and T, 0<a<3a/4; SR and C, 3n/4<a<a 
rand t I 32/2 SRand T, 0<a<3a/4; SL and C, 3a/4<a<a 
land t 0 3270/2 SLand T, 0<a<a/4; SRand C, 2/4<a<a 


* This indicates that type c displacement occurs (or force acts) on the upper edge and type ¢ on the 
lower edge. 


Table 2. Physically realizable combinations of types / and 7. 


r and /* when 0<a<a/4 

y and J, J and J, and y and r ml4<a<a/2 
land 7, / and /, and r and r nl2<a<3n/4 
land r 3a/4<a<a 


* This indicates that type r displacement occurs (or force acts) 
on the upper edge and type / on the lower edge. 


together with this normal faulting might partly reflect an extensional stress field related to 
the junction of the Himalaya and Burma arcs. 


2.5 Southwest Japan 

Icumkawa (1965, 1970) presented fault plane solutions for earthquakes near the 
junction of the Izu-Bonin and southwest Japan arcs and the southwest Japan and Ryukyu 
arcs, which suggest that the earthquake-generating stress systems are different from those 
in the surrounding regions. He suggested that these anomalies may constitute an im- 
portant feature of arc-arc junctions. Later studies revealed that fault plane solutions for 
crustal earthquakes in southwest Japan roughly represent E-W compression while those 
for subcrustal shocks represent more or less N-S compression (e.g. SHIoNoO, 1973). The 
most recent work on the tectonics of the Izu Peninsula at the junction of the Izu-Bonin 
and southwest Japan arcs (SOMERVILLE, 1978) presents evidence for two stress domains in 
the crust having contrasting orientations resulting from the collision between the Philippine 
Sea plate and the Eurasian plate. The suggested anomalies at these two arc-arc junctions 
might be partly explained by the above mentioned complications. The problem of intra- 


plate deformation at these arc-arc junctions need further investigation and will not be 
discussed in this paper. 
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3. Types of Intraplate Deformation 


The most fundamental aspects entailed in the behavior of intraplate deformation at an 
arc-arc junction are probably geometrical configuration and the forces acting on the plate 
edges. We will assume that horizontal forces are more important than vertical forces. 
Vertical forces are probably predominant along arcs where the Wadati-Benioff zone is 
steeply dipping. However, no anomaly in stress orientation has yet been reported at the 
junction of two steeply-dipping Wadati-Benioff zones, such as the Izu-Mariana arc-arc 
junction. Accordingly, in the following analysis, we will treat only horizontal forces and 
consider a flat plate with two straight edges meeting at an angle 2a as a model of the 
continental plate near an arc-arc junction (see Fig. 7). The following analysis could be 
modified to take account of the complications of the real earth. However this is not done 
because the basic principles would then become obscure. First we will intuitively treat 
displacement boundary conditions and later we will discuss stress boundary conditions. 

We assume the following four fundamental types of displacement occurring (or 
forces acting) on plate edges (Fig. 6) : 

1) contraction (or compression) normal to the edge (hereafter called type c); 

2) extension (or tension) normal to the edge (type f); 

3) left-lateral shear parallel to the edge (type /); 

4) right-lateral shear parallel to the edge (type r). 

A type c boundary condition might prevail at arcs because plates are converging there. 
However, in some island arcs, extension is observed to occur normal to the arc (Kari, 
1970). Exsasser (1969) proposed a ‘suction’ mechanism, equivalent to type ¢, caused by 
the retreat of the oceanic slab. ‘Type / or r seems to be acting where plates are obliquely 
converging. Uyeda points out that lateral motion within the continental plate should be 
expected along an obliquely converging arc if the oceanic plate underthrusts normal to 
the arc (Matsupa and Uyepa, 1971). He suggests that this motion accentuates the 
arcuate shape of island arcs, once a chain of arcs starts to form. The oblique motion of 
the Philippine Sea plate relative to the Eurasian plate is suggested to be decoupled be- 
tween the underthrusting and the lateral motion along the boundary (Fircn, 1972; 
SHIMAZAKI, 1976). The suggested lateral motion corresponds to displacement type J or r. 
Generally we do not expect the displacement to be exclusively one of the four types. 
The actual situation may lie somewhere between types ¢ and / (or r) or between types ¢ 
and / (or r). Displacements (or forces) in any direction can be expressed as a linear com- 
bination of ¢ (or ¢) and / (or r). 

The angles between the strikes of the two plate edges and the displacements occurring 
(or forces acting) on the edges are denoted by f and y as shown in Fig. 7. If a displace- 


*. | continental 

- plate 

Fig. 7. Forces acting (or displacement occurring) on plate 
edges. 
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ment with the same magnitude occurs uniformly in the same direction on both edges, i.e. 
2a+f-+y=2n, a lateral rigid body motion takes place and no anomaly would be found. 
Therefore, any displacemeht components on the two edges which are parallel and also 
have the same magnitude can be neglected in the following discussion. 

Let us assume that a certain type of displacement with unit magnitude occurs uni- 
formly on one edge and another (or the same) type of displacement with magnitude q 
occurs on the other edge. Then we can derive two orthogonal displacements: 

d,=—cos (a+f)+q cos (a+y) 

d,=—sin (a+)—q sin (a+y). 
If we were to cut the continental plate along the bisector of the junction into two segments 
(Fig. 7), these two orthogonal displacements would indicate the displacement of segment 
(a) relative to segment (b). These parameters enable us to determine the polarity of 
each of the two fundamental displacement systems, contraction or extension, and left or 
right lateral shear. ‘These four displacement systems, and their associated deformation 
modes, are illustrated in Fig. 8 and summarized below: 

a) contractional horizontal displacement occurring normal to the bisector of the 
junction (hereafter called type C); 

b) extensional horizontal displacement occurring normal to the bisector (type 7); 

c) right-lateral shear horizontal displacement occurring parallel to the bisector 
(type SR, strike-slip) ; 

d) a mirror image of type SR (type SL). 
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Fig. 8. Four basic types of intraplate deformation at arc-arc 
junctions. The stippled area indicates the cotinental 
plate. The resultant deformation is indicated by focal 
mechanism diagrams. 


co 


Basic Types of Internal Deformation of the Continental Plate at Arc-Arc Junctions 79 


_ continental . 
plate - Fig. 9. Motion of the oceanic plate relative to the continen- 
. tal plate. The half arrows indicate type / or r force acting 
(or displacement occurring) on the obliquely converging 
plate boundaries. 
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The absolute value of d, shows the strength of type SR when d, is positive and that of type 
SL when d, is negative. Similarly, the absolute value of d, shows the strength of type T 
when d, is positive and that of type C when d, is negative. All the combinations of 
displacement types occurring on the two neighbouring edges are tabulated in Table 1 on 
the assumption of g=1. ‘These examples give us a qualitative idea of the relation between 
displacement types and deformation types. For certain combinations of displacement 
types, only one type of deformation takes place (pure type). But for other combinations, 
two types of deformation are expected to occur together (mixed type). 

Apparently, some combinations of displacement types are unrealistic. If we assume 
that displacement (or force) types / and 7 are purely the result of the decoupling of an 
oblique convergence, as mentioned earlier, then certain combinations of types / and r 
become physically unrealizable. Let us denote by ¢ the angle between the strike of the 
bisector of a junction and the motion direction of the oceanic plate relative to the con- 
tinental plate as shown in Fig.9. The assumption that plates are converging at arcs 
requires 

—a<é<a when 0<a<a/2 

and 

—nata<ex<a—a when a2/2<a<z. 
If the relative motion is completely decoupled, displacement occurring on the upper edge 
is proportional to cos ¢ (e=2a—e—a) and that on the lower edge is proportional to cos 
(f=a—«). The sign of the parameters cos e and cos f indicates the polarity of the displace- 
ment; if cos e and cos f are positive (negative), type / (type r) is expected on the edge. 
Possible combinations of displacement types for different values of a can be easily obtained 
from the following equation: 

e=f+a—2a. 
It is obvious that only those combinations which are listed in Table 2 are physically 
realizable. 

All the above arguments are based on displacement boundary conditions. For 
stress boundary conditions, the problem can be analytically formulated by making use 
of the Mellin transform (SNeppoN, 1951). Sneddon’s expression is generalized and the 
state of stress within a thin elastic wedge is calculated in a separate paper (Karo et al., 
1978), with the following results. (1) The above argument based on an intuitive geo- 
meterical consideration can also apply to cases of stress boundary conditions, unless those 
components of stress which have the same strength and act uniformly in the same direc- 
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tion on the both edges are predominant. In other words, if those stress components 
acting on the edge which are shown in Fig. 7 are weak compared with the prevailing 
uniform stress, then the expected ancmalous state of stress will be masked. (2) Shear 
stress acting on edges produces a large stress concentration at the intersection. It is con- 
cluded that the above classification of anomalous intraplate deformation and relationships 
between force types and deformation types can hold for cases of stress boundary conditions 


when an anomaly exists at the junction. 


4. Discussion 


According to the classification given in the preceding section, three of the four examples 
of anomalous intraplate deformation at arc-arc junctions can be classified as type C. 
Those examples are at the Kurile-Japan arc-arc junction, at the Aleutian-Kamchatka 
arc-are junction, and near the bend of the Nazca-South American plate boundary. 

At a concave continental plate boundary, pure type C deformation can be expected 
for a combination of displacement (or force) types t and ¢ or / and r. According to the 
present kinematic model of plate motions (e.g. MinsTER et al., 1974), oblique convergence 
between the Eurasian and Pacific plates can be expected along the western Aleutian arc, 
and to a somewhat smaller extent, along the Kuile arc near northeast Japan. It is most 
likely that type 7 displacement occurs along these arcs and results in type C deformation 
at the junctions. An alternative would be that type ¢ displacement occurs along those 
arcs. One possible arc where type ¢ displacement occurs would be the western Aleutian 
arc; CorMIER (1975) suggests an extension of Kamchatka Basin behind the western end 
of the Aleutian arc. However, we prefer the former explanation to the latter, because a 
remarkable stress concentration takes place at a junction if shear stress acts on the plate 
edges (Karo et al., 1978). The anomalous states of stress found near the junction of the 
Kurile and Japan arcs and of the Aleutian and Kamchatka arcs are probably related to 
a shearing force acting at the obliquely converging plate boundaries. 

At a convex continental plate boundary, pure type C deformation can be expected 
for a combination of displacement types ¢ and c, because a combination of types / and r 
is found to be physically unrealizable in the preceding section. Accordingly, we suggest 
that the anomaly found near the acute bend of the Nazca-South American plate boundary 
is due to normal compressive forces acting on both parts of the boundary north and south 
of the bend. 

The anomalous intraplate deformation near the junction of the Himalaya and Burma 
arcs, although evidence for its existence is somewhat tenuous, can be classified as type TJ. 
The only physically realizable combination of displacement types for pure type J’ defor- 
mation at a concave continental plate boundary is ¢ and c._ According to MoLnar et al. 
(1973), the Indian plate is pushing north along the Himalaya arc. The pushing (type c 
force) could result in normal faulting near the junction of the Himalaya and Burma arcs. 

It appears that no ‘strike-slip’ deformation (neither type SR nor SL) takes place in 
the real earth. One possible exception might be the junction of the Aleutian trench and 
the Queen Charlotte Islands transform fault, although strictly speaking this is not an arc- 
arc junction and the problem of the plate boundary connection in this region remains 
unresolved. The most significant and interesting tectonic feature in this region is the 
Denali fault system, a northward-convex arcuate active fault more than 2,000 km long 
consisting of primarily right-lateral strike-slip fault segments (e.g. BROGAN et al., LoS) 
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The northward bending of the fault system occurs north of the eastern end of the Aleutian 
trench, which may be assumed to be the northeastern corner of the Pacific plate. The 
bending of the right-lateral strike-slip fault indicates a rotation of the maximum com- 
pression axis near the corner of the Pacific plate, as clearly shown by Nakamura et al. 
(1977). Two fault plane solutions obtained by Gepney (1970) north of the Denali fault 
system are consistent with the rotation of the maximum compressive axis. A right-lateral 
shear force appears to act perpendicular to the bisector of the junction. This case can 
be classified as type SL deformation (see Fig. 8). However, the Denali fault system itself 
is considered as an active transform fault (e.g. Gepney, 1970; Packer et al., 17D) 
until the plate boundary is unambiguously defined elsewhere, the above discussion must 
be considered as speculative. 

Arcs are characteristically arcuate and occur in chains. At an arc-arc junction, the 
continental plate is usually concave and oblique convergence of the plate tends to bring 
about a combination of force types / and 7, thus resulting in type C deformation. This 
speculation partly explains the predominance of type C deformation in the earth. It is 
also interesting to notice that type c force is suggested at continental collision boundaries 
and at arcs where the dip of the Wadati-Benioff zone is unusually shallow. 


5. Conclusions 


It is shown that an anomalous state of stress can be expected at an arc-arc junction 
where the directions of the forces acting on the two intersecting plate boundaries are 
different, being constrained in some manner by the strike of the boundaries. Four basic 
types of internal deformation are derived by assuming four types of force acting (or dis- 
placement occurring) at plate edges. All possible combinations of force (or displacement) 
type are related to resultant deformation types, although some of the combinations are 
suggested to be physically unrealizable. 

The anomalous state of stress found northwest of the junction of the Kurile and 
Japan arcs and that found north of the Aleutian-Kamchatka arc-arc junction can be 
classified as type C' deformation (compression normal to the bisector of the junction). 
These anomalies may be related to a shearing force acting on the obliquely converging 
plate boundaries. ‘The anomaly found east of the acute bend of the Nazca-South American 
plate boundary near the Peru-Ecuador border is also classified as type C and may be due 
to a pushing force acting normal to the two segments of the convex boundary of the con- 
tinental plate. Some tenuous evidence may suggest an anomaly in the state of stress 
northeast of the junction of the Himalaya and Burma arcs. 
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APPENDIX 
First motion data for the Colombian earthquake of February 9, 1967 are shown in Fig. A-1. Forty-three 


initial motions of P waves were read on long-period seismograms at WWSSN stations. Dip direction (¢) and 
dip angle (4) of the two nodal planes are: ¢1=N130°E, 61=57°, @=N228°K, 0=/5~. 
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Fig. A-1. Equal area projection (lower hemisphere) 
of the first motion data for the Colombian earth- 
quake of February 9, 1967. The solid circles 
represent compressional first motions, the open 
circles indicate rarefactional first motions, and 
the crosses show arrivals with nodal character. 
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The mechanical behavior of a plate entering a trench has been investigated through 
comparison between the amount of faulting present in the outer trench wall and the maxi- 
mum bending stress, as inferred from fitting bathymetry data seaward of the trench axis to 
the theoretical deflection curve for the bending of an elastic plate. Out of 20 circum- 
Pacific trench profiles examined, 16 satisfy a quantitative test for elastic behavior seaward 
of the trench axis and exhibit a consistent relationship between maximum inferred bending 
stress and the roughness of topography on the outer trench wall. This result, in conjunc- 
tion with the distribution of earthquake focal mechanisms within the subducting plate, is 
consistent with a model of an 80 km thick lithospheric plate having an elastic core approxi- 
mately 30 km thick, outside of which brittle failure occurs. 


1. Introduction 


The shape of the ocean floor adjacent to the outer wall of many trenches exhibits a 
characteristic topographic bulge that can be attributed to the flexure of the subducting 
lithospheric plate. The shape of this outer topographic high has been successfully mcdeled 
using thin plate theory for a number of different plate rheologies, including elastic (HANks, 
1971; Warts and Tatwani, 1974; CaLpweLu et al., 1976); elastic-perfectly plastic 
(McApoo et al., 1977; ForsyrH and CuHappre, 1978); and viscous (DEBREMAECKER, 
1977). The shape of this feature can also be explained as a result of viscous flow within 
the lower part of the lithosphere during subduction (Metosn, 1978). A range of applied 
stresses have also been considered, including vertical and horizontal stresses applied at or 
near the trench axis (Hanks, 1971; Warts and Tatwani, 1974; McApoo et al., 1977) 
and a bending moment applied to the downgoing slab (Parsons and Moxnar, 1976). 

The fact that the theoretical deflection curve for a bending lithospheric plate is similar 
for a wide range of rheologies and applied stresses complicates theoretical investigations 
of the mechanical behavior of the lithosphere at trenches, since bathymetric data alone is 
not sufficient to discriminate between the various models. It is therefore necessary to 
seek additional properties of the models that are more sensitive to such differences. 

In this paper we use elastic theory for the bending of a thin lithospheric plate to 
investigate the relationship between maximum apparent bending stress within the subduct- 
ing plate and the occurrence of faulting on the outer wall of a number of trenches in the 
Pacific Ocean. We find that the theoretical deflection curve for an elastic plate fits the 
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bathymetric data in a large number of cases and that for these profiles there is a consistent 
relationship between the roughness of the outer trench wall, as defined by the root-mean 
square (RMS) deviation of topography from a smooth profile, and the maximum bending 
stress. This result indicates that the major fault patterns in outer trench walls are directly 
related to the subduction process and in conjunction with seismic focal mechanisms beneath 
the outer rise, suggests that these faults may be the surface expression of a zone of brittle 
failure extending to depths of 25 km or more within the oceanic plate. 


2. Faults 


The work of Lupwic ef al. (1966) revealed that a distinctive pattern of faulting exists 
on the outer wall of the Japan and Northern Bonin Trenches. Using seismic reflection 
data they mapped a series of grabens and step faults that they interpreted as normal 
faults caused by tensional forces induced in the convex side of the bent oceanic plate. 
They concluded that the plate is depressed by the load of the island margin. Additional 
seismic reflection profiles across the Japan Trench off Northern Honshu were reported 
on by Hixpe and Rarr (1970). They likewise concluded that the seaward trench wall 
was broken by normal faults forming graben and horst structures due to bending of the 
oceanic plate into the subduction zone. They noted that the throw of the faults increased 
towards the trench axis and that apparent reverse offset occurs on some of the faults near 
and beneath the trench axis (Fig. 1). Although there is clear evidence for a highly faulted 
oceanic plate, Hilde and Raff were able to map the magnetic lineations associated with 
the oceanic plate 120 km shoreward of the trench axis. The faulting apparently has not 
destroyed the continuity of the plate. 

Other trench studies have revealed that similar fault patterns exist in the outer walls 
of most trenches. FisHER and ENGEL (1969) and Rarrr et al. (1955) recorded bathymetric 
profiles across the Tonga Trench which show evenly spaced grabens on the seaward trench 
wall between the outer high and the trench axis. As with the Japan Trench, the throw is 
clearly greater on the faults nearer the trench axis. This fault pattern is also well devel- 
oped in the seaward wall of the Philippine Trench (FisHEr and Hess, 1963). Bathymetric 
profiles across the Southern Mariana Trench show this fault pattern (FisHer, 1974), as do 
seismic reflection profiles across the Mariana Trench in the vicinity of Challenger Deep 
recorded during a 1973 National Taiwan University expedition by R/V CHIU LIEN. 


Vertical Exoggeration = 9.8 


Fig. 1. Seismic reflection profile across the Japan Trench off northern Honshu recorded by R/V 
Silas Bent (Hitpr and Rarr, 1970). Note uniform ~400 m sediment thickness overlying oceanic 
basement, faults confined to subducting plate in the outer trench wall, beneath trench axis and 


shoreward slope, and the unfaulted ocean basin seaward of the trench. Vertical scale is two-way 
tavel ime in seconds, 
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Vertical Exaggeration = 13.5 


Fig. 2. Closely spaced bathymetric profiles across the Mariana Trench, col- 
lected by R/V Kana Keoki during 1976-77 IPOD site surveys, showing the 
horst and graben fault structures in the seaward trench wall. Data pro- 
vided by Donald Hussong, Hawaii Institute of Geophysics. 


Bracey and ANpDREws (1974) also recorded reflection profiles across the Southern Mariana 
Trench which reveals this fault structure. This same fault pattern is particularly well 
developed on the outer wall of the Northern Mariana Trench (Fig. 2). 

In all of the above trenches there is a common and distinctive fault pattern which 
is unique to the outer trench walls. It is easily distinguished in cases like the Japan Trench 
where the upper surface of the oceanic plate in the ocean basin outside of the trench is 
smooth (Fig. 1). Where the ocean basin beyond a trench displays rough and irregular 
relief it is sometimes difficult to recognize faults that may have originated in the seaward 
trench walls. In these cases, the seaward trench slopes have highly irregular surfaces 
which could be of the same origin as the rough seafloor of the nearby ocean basins and be 
displayed on the outer trench slope due only to plate convergence. ‘The Middle America 
Trench (FisHer, 1961; FisHer and Hess, 1963) is an example. ‘The great relief of the 
northern Middle America Trench is likely associated with topography which originated 
at the nearby East Pacific Rise. However, profiles across the southern Middle America 
Trench, where the adjacent basin is relatively smooth, display a faulted seaward trench 
wall with at least some graben and horst structures. In the case of the Peru-Chile Trench 
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CouLzourn (1977) was able to distinguish between outer trench slope faults and original 
high relief seafloor evident in the adjacent ocean basin. ‘The faulted nature of the Peru- 
Chile Trench outer wall is 4lso evident in the data of FisHer and Rarrr (1962) and Hayes 
(1966). The Aleutian Trench also appears to have a faulted outer wall along its central 
and western segments (Hayes and Ewine, 1970). The adjoining Pacific Ocean basin is 
rough in the west and is smooth in the east where there is a thick sediment cover. Seismic 
reflection profiles across the extreme eastern Aleutian Trench do not show an obvious 
fault pattern in the outer trench wall (von Huene, 1972). Although it may not be pos- 
sible to recognize a unique pattern of faulting in every case, a greater degree of seafloor 
roughness than in the adjoining basins can be attributed to faulting associated with the 
downward bending of the oceanic plate into the subduction zone. 

In several trenches faulting of the outer wall may not be obvious due to either sur- 
rounding structural complexities or lack of data. However, at least some normal faults 
and graben structures are evident in the outer walls of the Manila Trench (Lupwie ¢t al., 
1967); the Puerto Rico Trench (Bow1n et al., 1966); the New Britain, New Hebrides, 
Solomons, and possibly also the Yap and Palau Trenches (FisHer, 1974); and the Kuril 
Trench. Due to the rough seafloor of the West Philippine Sea Basin it is difficult to 
recognize faults which may be unique to the outer wall of the Ryukyu Trench (WAGEMAN 
et al.. 1970). There appears to be little or no faulting associated with the outer wall of 
the Indonesian Trench (Fisner, 1964). However, some outer trench wall faulting is 
evident in the trenches of the complex Eastern Indonesian Archipelago (Hamitton, 1977). 
The outer slope of Nankai Trough exhibits no obvious fault pattern (HiLpE ¢t al., 1969; 
Lupwic et al., 1973). For worldwide trench profile compilations see FisHeR (1974), 
Hayes and Ewine (1970) and Karic and SHarMAN (1975). 

Where closely spaced survey lines have been run across trenches the faults in the sea- 
ward walls have been found to strike in a parallel to subparallel direction to the trench 
axis. Japan Trench DSDP site survey results reveal that the faults strike N20°W, about 
30° from the strike of the Japan Trench axis (Honza, 1978). Honza concludes that the 
faults formed due to bending of the plate but because the faults are parallel to the direction 
of spreading that formed the ocean crust, they may indicate a preferential weakness of the 
crust parallel to the spreading direction. CouLBourN (1977) found that the outer wall 
faults of the Peru-Chile Trench were predominantly parallel to sub-parallel with the 
trench axis and concluded that they developed on the outer trench slope due to bending 
of the plate but followed the structural grain of the oceanic plate as originally developed 
as the East Pacific Rise. These faults are perpendicular to the direction of spreading 
that formed the plate. 

A preliminary examination of bathymetric data from the R/V KANA KEOKI 
DSDP site surveys of the Mariana Trench shows that the faults in the seaward trench wall 
are more nearly parallel to the trench axis in this case (Fig. 2). Low amplitude magnetic 
lineations have been mapped in the basin just east of the Mariana Trench that strike NE- 
SW (Hussonc, 1978), the same direction as the Japanese lineations to the north (HILDE 
et al.. 1976). If these are spreading reversal lineations then the faults along this portion 
of the Mariana Trench are neither parallel nor perpendicular to the spreading that formed 
the plate, but diagonal. At present there is probably insufficient data on the strike of 
outer trench slope faults with which to reach conclusions about preferential directions of 
crustal strength. 


The faults we are concerned with here are unique to the seaward slopes of trenches, 
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i.e. to the upper portion of the plate being subducted. Common topographic features of 
the shoreward trench slopes are considerably different and are related to either tectonic 
accretion or erosion at the front of arcs (KARIc and SHARMAN, 1975; SEELY et al., 1974; 
ScHOLL et al., 1977). The fault pattern of the seaward trench slopes can be characterized 
as consisting of normal faults having a strike that is parallel to sub-parallel to the trench 
axis, often forming graben and horst topography, and having increased and sometimes 
reverse throw towards the trench axis. Earthquake focal mechanism studies have estab- 
lished the tensional nature of faulting associated with this region of subducting plates 
(STAUDER, 1968; Isacxs et al., 1968; Isacxs et al., 1969; Isacks and Moxnar, 1971). 
In the several cases where the fault pattern is uncomplicated by other structures, the 
grabens are typically spaced 5-10 km apart with individual faults having vertical dis- 
placement which ranges from 100 to 200 m near the outer topographic high to 400-800 m 
near the trench axis. The extensive occurrence of these faults, their common characteris- 
tics and their confinement to outer trench walls lead us to conclude that they are a general 
feature of trench tectonics and originate at the outer topographic high due to tensional 
stresses in the upper part of the oceanic plate as it bends into the subduction zone. They 
occur in both curved and straight trenches and are therefore likely related only to the 
vertical bending of the plate. 


3. Theory of Method 

The theoretical deflection curve for the two-dimensional bending of a thin elastic 
plate supported by a buoyant fluid is given by (CALDWELL et al., 1976) 

w’=A exp (—ax’) sin ax’ (1) 

where w’ is the deflection in the vertical (y’) direction relative to the origin O’ (Fig. 3), 
x’ is the horizontal coordinate and the parameters A and a are constant. 

The amplitude, W,, of the outer topographic bulge and its distance, X,, from the 
origin O’, are given by 


W,=A sin{ = exp (-4] (2a) 
7 
A = 4a’ (2b) 
The parameter a is related to the flexural rigidity, D, of the plate through the relation 
wee (On— Pw) 8 
Dy saR tir (3) 


where p,, and p,, are the densities of the underlying mantle and overlying water, respective- 
ly, and g is the acceleration of gravity. 
We also have 
Eh? 
meet? eae) cS 
where E=Young’s modulus; h=elastic plate thickness and ¢=Poisson’s ratio. In the 
following, we take E=6.5 x 1011 dyn/em?; ¢=0.25; (0m—w)g=2.3 x 103 dyn/cm. 
Equation (1) may be written in terms of the generalized coordinates «x, » (Fig. 3) as 
w=—A exp (—a(x—C)) sin(a(«—C))+B (5) 
where C and B are additional constants defined in Fig. 3. The form of Eq. (5) provides 
greater flexibility than Eq. (1) in fitting observed trench profiles. 


D 


90 G.M. Jongs et al. 


(@) x 


Fig. 3. Elastic trench profile and coordinates used in 
the least squares fitting procedure. The fitted 
curve does not necessarily pass through the origin 
O as shown here. 


CaLpweE Lt eét al. (1976) and Agnew and Sharman (unpublished work) have shown 
that the form of the theoretical deflection curve is insensitive to horizontal loading forces 
less than 10 kbar which are therefore neglected in this analysis. 

The varation of bending stress t,, (positive for tension) and shearing stress T,y within 
the plate are given by (FrLoNENKO-Boropicu, 1965) 

Ez. .dtw 


"ax = (1262) dat A 
2 
1 sae or 

| d3w (6b) 


189 D (Tea?) « lx 
where z is the perpendicular distance (positive upwards) from the neutral plane of the 
plate. 

Using (5) in (6a) and (6b) we obtain 
2 Aa? 


(oe ea (emg exp (—a(x—C)) cos a (x—C) (7a) 
Czy = aes (2 7 exp (—a(x—C)) 
[cos a(x—C) + sin a (x—C)]. (7b) 


The stress component t,, is negligible compared to the values of t,, and t,, (FILONENKO- 
Boropicu, 1965). 

The magnitude and directions of the principal deviatoric stresses and maximum shear 
stress along various planes within the plate calculated using Eqs. (7a) and (7b) are shown 
for a typical profile in Fig. 4. 

The stresses reach large values (5-10 kbar) near the upper and lower boundaries of 
the plate in the region of the outer trench wall. These large values have been cited 
(DeBremarcker, 1977) as evidence against elastic plate models since they are unlikely 
to be sustained by lithospheric material, particularly near the upper boundary where the 
maximum principal stress is extensional. Figure 4 demonstrates, however, that even 
in the region of the outer trench wall and topographic high the plate retains a central core 
in which stresses remain small and which may possibly be supported elastically. This 
being the case, the overall deflection of the plate may be described by a theoretical curve 
of the form (5), even in the region of the outer trench wall. This is in contrast to the elastic- 
perfectly plastic case (McAnoo et al., 1977) in which the deflection between the trench 
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Fig. 4. Orientation and relative magnitude of the 
principal deviatoric stress and maximum shear 
stress along various planes within a bending plate. 
The maximum principal stress is extensional along 
the upper half of the plate and compressional in 
the lower half. Note that the stresses remain small 
near the neutral plane of the plate even beneath 
the region of the outer trench wall. 


and the outer topographic high is influenced by the plastic response of the lithosphere. 
These two cases may be distinguished by a test described below. It is also possible that 
the upper part of the plate behaves elastically and that the outer rise is caused by viscous 
forces developed in the lower lithosphere (ME Losn, 1978). Although in this case (5) 
is no longer strictly valid, our estimates of the bending stress obtained by fitting it to the 
observed profile should not be significantly different because of the general applicability 
of (6a). 

The existence of high angle normal faults in the outer walls of trenches (Figs. 1 and 
2) and the occurrence of earthquakes within the oceanic plate seaward of trenches (FoRsyTH 
and Cuappte, 1978) indicates that brittle failure also accompanies the plate deformation. 
The throw and dip of the faults and the variation of focal mechanisms of earthquakes at 
different depths within the oceanic plate (ForsyrH and Cuappie, 1978) are consistent 
with the distribution of stresses shown in Fig. 4, thus suggesting that these fracture events 
are directly related to the bending of the plate. In order to examine this hypothesis 
further, we compare the extent of faulting in the outer trench wall of different trenches 
with the stresses inferred from fitting the different topographic profiles to a theoretical 


elastic deflection curve. 


4. Analysis of Data 

We analyzed 20 trench bathymetry profiles obtained in digitized form from the Scripps 
Institution of Oceanography Geophysical Data Center. In all cases the bathymetric 
data were projected normal to the trench axis. The locations of the trench profiles used 


and original source of data are given in Fig. 5. 
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Fig. 5. Location of bathymetric profiles used in this study. Profiles 1, 3, 7, 8, 10, 11, 14, 18 and 19 
were collected by the U.S. Naval Oceanographic Office; profiles 2, 4, 6, 9, 12, 13, 15 and 16 by 
Scripps Institution of Oceanography; and profiles 5, 17 and 20 by the National Oceanographic 
and Atmospheric Administration. 


For each profile, the ocean floor topography seaward of the trench axis (taken as 
the origin O in Fig. 3) was fitted by a least squares iterative procedure to a theoretical 
curve of the form (5) for the bending of an elastic plate. We did not make sediment 
corrections at this stage for reasons discussed below. Selected bathymetric profiles and 
best fitting curves are shown in Fig. 6(a). The best-fitting parameters a, A, B, C for each 
profile were then used to estimate the inferred flexural rigidity, D, of the plate; its effective 
elastic thickness, h; and the maximum apparent bending stress, S (Table 1). 

In order to investigate the correlation between faulting in the outer trench wall and 
maximum bending stress within the subducting plate, it is necessary to construct a quanti- 
tative measure of the amount of faulting and examine how well the theoretical elastic 
deflection curve fits the trench profile in the vicinity of the outer trench wall. We also 
need to estimate the uncertainty in our estimate of the maximum bending stress. 

Figure 1 shows the results of a seismic reflection survey across the Japan Trench 
(Hizpe and Rarr, 1970). This profile is typical of others we have examined and shows 
that offsets in the basement beneath the outer trench wall caused by high angle faults are 
consistently reflected in the topography of the overlying sediment column. Furthermore, 
the roughness of the topography in this region is dominated by the relative vertical offsets 
of basement blocks. A convenient measure of the amount of faulting present in the outer 
trench wall is therefore the RMS deviation of seafloor topography from a smooth best- 
fitting curve. 

We initially tried fitting for each profile the shape of the outer trench wall to a curve 
of the form (5), but found that this part of the profile did not sufficiently constrain the 
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least squares iterative procedure, thus leading to the development of instabilities. : Instead, 
we therefore fitted the ocean floor topography between the trench axis and the distance C 
in Fig. 3 to a quadratic curve of the form w=ax-+b—cx? where a, 6 and ¢ are constants 
chosen directly by least squares, and used the RMS residual between the fitted curve and 
the actual topography as a measure of the amount of basement faulting in this region 
(Table 1, last column). é 

This quadratic curve was also used to examine how well the theoretical elastic deflec- 
tion curve fitted the profiles in the region of the outer trench wall. If the subducting 
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Fig. 6(a). Selected bathymetric profiles and corresponding best-fitting 
curves for the bending of an elastic plate. Contour maps to the right of 
each profile show the variation in kilometers of RMS residual differences 
between the fitted curve and the actual topography as parameters a and 
A are varied. The dashed contour has the value [RMS (minimum) +0.01] 
and was used to estimate the uncertainty in the value of the maximum 
bending stress, as discussed in the text. 
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Fig. 6(b). Fitted elastic deflection and quadratic 
curves for profiles 7 and 18, illustrating the use 
of the quadratic curve to test the quality of the 
elastic fit along the outer trench wall. See text 
for details. 


plate behaves elastically along its length, then the theoretical deflection curve should 
closely approximate the quadratic curve along the outer trench wall. 

Figure 6(b) shows examples of the best-fitting elastic deflection and quadratic curves 
for profiles 7 and 18. For the upper profile, the two curves coincide closely along the 
outer trench wall and their RMS residuals are in good agreement (Table 1). In this 
case, we conclude that elastic deformation may be dominant even in the region of the 
outer trench wall. For the lower profile, on the other hand, the fitted elastic deformation 
curve differs significantly from the quadratic curve seaward of the trench resulting in 
large differences in the RMS values for the two curves in this region. Since the elastic 
curve fits the topography seaward of the rise equally well for the two profiles, we conclude 
that the lower profile reflects a possible deviation from elastic behavior in the bending 
plate between the outer rise and the trench axis. 

As a quantitative test for elastic behavior beneath the outer trench wall, we therefore 
compared the RMS residual for both quadratic and theoretical elastic curves between 
the trench axis and distance C for each profile and only retained those profiles for which 
the difference in the RMS values was less than a factor of two. Out of 20 profiles exam- 
ined, 16 passed this test and were used in the subsequent analysis (Table 1). For the 
rejected profiles, it is possible that an elastic rheology no longer describes the behavior of 
the plate as it enters the trench and that some other deformation mechanism, such as 
plastic flow (McApvoo e¢t al., 1977) is dominant. However, the fact that three out of four 
of the rejected profiles occur in regions where other profiles fit the elastic curve makes it 
more likely that these particular profiles gave spurious results. 

For the acceptable profiles, maximum apparent bending stresses lie in the range 3-13 
kbar (Table 1), and occur beneath the outer trench wall at a distance of +-A/2 from the 
neutral plane of the plate. Although it is unlikely that the plate material can elastically 
support these large stresses, particularly in the upper part of the plate where the (deviatoric) 
maximum principal stress is extensional, the occurrence of normal fault earthquakes to 
a depth of 25 km beneath the outer trench wall of subducting plates and the existence of 
thrust events at depth of 45-50 km (ForsyrH and Cuapp ie, 1978) is consistent with a 
model of an 80 km thick lithospheric plate composed of an elastic core of approximately 
30 km thickness embedded in a region in which brittle failure occurs. With the exception 
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of profiles seaward of the Japanese Trench, inferred elastic thicknesses lie in the range 
20-40 km (Table 1), thus suggesting that these values may reflect variations in the average 
thickness of the elastic core within the bending plate. The maximum bending stresses 
derived using elastic plate theory may therefore reflect relative differences in the stresses 
experienced by the subducting plate. It has already been noted that the orientation of 
faults in the basement beneath the outer trench wall are also consistent with the pattern 
of stresses inferred for the bending of an elastic plate, thus suggesting that the region of 
extensional brittle failure may extend from depths of 25 km or so to the surface. 


5. Confidence Limits for Maximum Bending Stresses 


Before comparing the amount of faulting present in the outer trench wall with the 
inferred maximum bending stress for different profiles, it is necessary to assign confidence 
limits to our estimates of the bending stress in each case. 

The least squares estimates of the parameters a, A, B, C, in Eq. (5) are subject to un- 
certainty for several reasons. In the first place the bathymetric profiles used to fit the 
theoretical elastic deformation curve may contain errors. Secondly, variations in sediment 
thickness along the profiles have not been taken into account. Since corrections for 
sediment unloading are more uncertain than the bathymetric data, it is preferable to use 
the uncorrected bathymetric profiles as the initial data base, sediment corrections for 
each profile then being incorporated into the estimation of confidence limits for the 
bending stress. 

The procedure followed was to vary parameters a and A, which are related to the 
wavelength and amplitude, respectively, of the outer topographic bulge, in 7.5°% incre- 
ments about their best-fitting values for each profile. The RMS residual difference 
between the actual topography and the theoretical deflection curve was then calculated 
for each pair of values (a, A). The values of the parameters B and C were held fixed 
during this process. Contour maps of RMS residual differences were then constructed, 
expressed as functions of a and A (Fig. 6(a)). For some profiles, the contours are closely 
spaced and concentric about the minimum value, indicating that in these cases the best- 
fitting values of a and A are well constrained, since a small change in these quantities pro- 
duces a significant deterioration in the quality of the fit to the observed data. In other 
cases, the contours are more widely spaced or elongate leading to greater uncertainty in 
the estimates of a and A. 

To estimate the uncertainty in the maximum bending stress, we assume that the 
bathymetric data has an RMS error of 10 m and therefore the best fitting RMS residual 
is uncertain by this amount. The contour value [RMS (minimum) +0.01] encloses 
a certain subset of the pairs of values (a, A) (Fig. 6(a)) that can be related to a correspond- 
ing set of values of maximum bending stress through Eq. (7a). Half the difference between 
the maximum and minimum values of bending stress within this set was used as a measure 
of the uncertainty in the maximum bending stress (Table 1). The uncertainty in our 
estimates of effective elastic thickness and flexural rigidity were calculated using the limit- 
ing values of a and Eqs. (3) and (4). 

To correct for variations in sediment thickness, including the effect of isostatic un- 
loading, we used available seismic profiles in the vicinity of the topographic profiles and 
the following densities; Pyater=1.0 g/cm, Pseaiment=1.6 g/cm, Omantie=3.4 g/cm’. For 
the profiles we examined, the main effect of the sediment corrections is to reduce the 
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Fig. 7. Relationship of maximum apparent bending 
stress to the RMS residual (or degree of faulting) 
of the quadratic curve for the outer trench wall. 


amplitude of the outer topographic high, since sediment thicknesses generally decrease 
seaward of the rise. These corrections lie in the range of 50-150 m and are comparable 
to the uncertainty in the amplitude of the outer topographic bulge associated with the 
possible range of values of the parameter A discussed above. Sediment corrections do 
not therefore invalidate our previous results although they indicate that the maximum 
elastic bending stresses may have been overestimated. 

The final graph of RMS residuals for the outer trench wall versus maximum bending 
stress, including error bars, is shown in Fig. 7. 


6. Discussion 

Figure 7 shows that, in general for the profiles we examined, a consistent relationship 
exists between the amount of faulting present on the outer trench wall and the maximum 
elastic bending stress. Profiles with large inferred bending stresses systematically exhibit 
the greatest amount of faulting on the outer trench wall. This observation supports the 
hypothesis that these faults are a direct result of the subduction process. 

Several other features revealed by Fig. 7 and Table 1 deserve comment: (1) With 
the exception of the profile from the Tonga-Kermadec Trench, at least one profile from 
each of the trenches examined fits a theoretical deflection curve of the form (5). Since 
Eq. (5) does not include the effect of a horizontal compressive stress, this result is in contrast 
to that of Warts and TaLwant (1974), who concluded that a horizontal compressive stress 
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of several kbar acting on the oceanic plate was required to explain the topography and 
gravity anomalies seaward of the Aleutian, Kuril, Japan and Northern Bonin Trenches. 
The discrepancy may be explained if the downgoing plate is acted upon by a vertical stress 
landward of the trench axis, rather than at the trench axis, as Watts and Tatwant (1974) 
supposed. However, Table 1 does show that inferred bending stresses within the oceanic 
plate are generally larger seaward of the Bonin Trench than for the other trenches exam- 
ined. (2) The flexural rigidity and elastic thickness inferred for the plate seaward of the 
Japan Trench are significantly larger than in the case of the other trenches. These larger 
values arise because of the greater wavelength of the outer topographic high in this region 
(Fig. 6(a)). The reason why the oceanic plate seaward of the Japanese arc should ap- 
parently behave differently from the region seaward of the adjacent Kuril and Bonin arcs is 
not yet clear and is being investigated further. (3) Inferred bending stresses within the 
plate seaward of the Middle America Trench (profiles 15 and 16) are smaller than expected 
from the amount of faulting in the outer trench wall and the trend set by the other profiles 
(Fig. 7). This may in part result from the neglect of age corrections for these profiles. 
Lithosphere being subducted into the Middle America Trench is young (<<50 my; PirTmMAN 
et al., 1974) and therefore part of the change in ocean floor depth along these profiles is 
due to cooling of the lithosphere (SCLATER e¢ al., 1971). Since the seafloor becomes pro- 
gressively older towards the trench axis, corrections for age would effectively increase the 
amplitude of the outer rise, leading to larger inferred bending stresses within the downgoing 
plate than those actually obtained. 

The elastic plate model provides a reasonable explanation for the existence beneath 
island arcs at depths greater than 70 km or so of a double-planed Wadati-Benioff Zone in 
which earthquake focal mechanisms on the upper plane are compressional whereas those 
on the lower plane are extensional (HAsEGAwa and Taxact, 1978; ENGDAHL and ScHo1z, 
1978), in contrast to the case beneath the outer trench wall (ForsyrH and CHAPPLE, 
1978). A possible explanation is that elastic energy is stored in the core of the plate as it 
bends into the trench and is released as the plate unbends at greater depths (ENGDAHL 
and Scuorz, 1978). In order for the unbending to take place, the applied stresses that 
caused the bending in the first place must be absent or greatly diminished. This in 
turn suggests that the bending stresses within the subducting plate are caused by inter- 
action with the overriding plate at shallow depth, or by the dynamics of flow within the 
lower lithosphere as suggested by MEtosu (1978). 

The tectonic processes and structural features developed due to the interaction of the 
two plates at the trench axis and along the upper portion of the subduction zone are 
probably greatly influenced by the faulted, irregular upper surface of the subducting plate. 
Where the faults strike in a direction sub-parallel to the trench axis, as in the Japan Trench, 
offsets in the trench axis are found where the faults intersect the base of the shoreward 
trench slope (Honza, 1978). Abrupt changes in depth along the axis of a trench can also 
be explained by the faults on the subducting plate intersecting with the trench axis, A 
profile of the Japan Trench axis (Sucimura and Uyepa, 1973) reveals several abrupt depth 
changes, many of which are of about the same magnitude as the vertical displacement on 
the faults. The horst and graben relief may not always be obvious along a trench axis 
due to turbidite sedimentation and slumping off the shoreward slope. However, where 
these fault blocks are sub-parallel to the trench they can be expected to restrict lateral 
sediment transport along a trench axis and cause the ponding of sediments at varying 
depths that has been observed along many trench axes. 
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Along the 20 km length of the North Mariana Trench crossed by the profiles in Fig. 2 
the trench axis is offset abruptly while the strike of the faults on subducting plate is not. 
At this location the faults are essentially parallel to the trench axis and changes of trend 
along the axis are apparently not directly related to the intersection of the fault blocks with 
the shoreward slope. A more gentle lower slope on the shoreward trench wall south of 
profile 5 is interpreted as due to slumping or possibly accreation of oceanic sediments to 
the base of the shoreward slope. A corresponding eastward offset of the trench axis south 
of profile 5, with more of fault block A being covered, indicates that the slumping or accre- 
tion has resulted in a migration of the trench axis to the east relative to that segment to the 
north. 

The preliminary result of Glomar Challenger drilling on the shoreward flank of the Japan 
Trench during DSDP legs 56 and 57 (Scienriric Parry, 1978 a, b) and on the shoreward 
slope of the Mariana Trench during leg 60 (Donald Hussong, personal communication) 
indicates that accretionary structures composed of ocean basin sediments were not en- 
countered. ‘These results provide serious limitations on the general application of the 
recently advanced accretionary models of Karic (1974), Karic and SHARMAN (1975), 
Sexy et al. (1974) and others. If ocean basin sediments do not make up a significant 
portion of the structures beneath the continental shelf and slope between the islands and 
trench axes of the Japan and Mariana arcs then it must be assumed that they have been 
carried down the subduction zone. Horst and graben fault structures are well developed 
in the subducting plate in both of these cases. We suggest that these structures may be 
a major determining factor in accretionary wedge development. Where they are well 
developed a large portion of the oceanic sediment may be compacted into the grabens of 
the subducting plate and carried down the subduction zone. Where they are absent or 
poorly developed a correspondingly greater portion of the oceanic sediment may be 
scraped off the subducting plate and directly added to the overiding plate resulting in 
development of a more extensive accretionary prism. ‘The relationship of faults on the 
subducting plate to the subduction process is being examined in greater detail by one of 
the authors (Hilde, in preparation). 

In conclusion, we find that the occurrence and magnitude of faulting in the subduct- 
ing plate in the region of the outer topographic high and seaward trench slope can be used 
to derive information about the distribution and nature of stresses within the plate. The 
amount of faulting is directly related to the amount of bending stress. The direction and 
magnitude of the principal stresses within the subducting plate are consistent with the 
bending model of a thin elastic plate as applied to a central core 20 to 40 km thick with 
brittle failure of the upper portion of the plate due to tensional stress, and compressional 
stress in the lower portion of the plate. We suggest that bending of the plate is due to 
stress developed at shallow depths and that the faulting produced by the bending has 
a major influence on the subduction and island arc development processes. 


We are grateful to Dr. D. Hussong for providing the R/V Kana Keoki Mariana Trench profiles and to 
Mr. Stuart Smith for providing the digitized bathymetry profiles. Illustrations were drafted by Jay B. 
Carlton. 


REFERENCES 


Bow, C.O., A.J. Navwatk, and J.B. Hersey, Serpentinized peridotite from the north wall of the Puerto 
Rico Trench, Geol. Soc. Am. Bull., 77, 257-270, 1966. 


100 G.M. Jongs et al. 


Bracey, D.R. and J.E. Anprews, West Caroline Ridge: Relic Island Arc? Mar. Geophys. Res., 2, 111-125, 
1974. é 

CaLpweELt, J.C., W.F. Haxsy, P.E. Karic, and D.L. Turcorrte, On the applicability of a universal elastic 
trench profile, Earth Planet. Sci. Lett., 31, 239-246, 1976. ; 

Cou.sourn, W.T., Tectonics and sediments of the Peru-Chile Trench and Continental margin at the Arica 
bight, Ph. D. Dissertation, University of Hawaii, 1977. 

DrBreEMAECKER, J.C., Is the oceanic lithosphere elastic or vicous? J. Geophys. Res., 82, 2001-2004, 1977. 

Encpant, E.R. and C.H. Scuorz, Double-planned Benioff Zones beneath island arcs: An unbending of the 
lithosphere (abstr.), Int. Geodyn. Conf., March, Tokyo, p. 22, 1978. 

Fitonenko-Boropicu, M., Theory of Elasticity, Chap. 10, Dover Publications, New York, 1965. 

Fisuer, R.L., Middle America Trench: Topography and structure, Geol. Soc. Am. Bull., 72, 703-720, 1961. 

Fisuer, R.L., Preliminary results of expeditions Monsoon and Lusiad, 1960-1963, Scripps Inst. of Ocean. Ref. 
64-19, 1964. 

Fisuer, R.L., Pacific-type continental margins, in Continental Margins, edited by C. Burk and C. Drake, pp. 
25-41, Springer-Verlag, New York, 1974. 

Fisner, R.L. and C.G. Encet, Ultramafic and basaltic rocks dredged from the nearshore flank of the Tonga 
Trench, Geol. Soc. Am. Bull., 80, 1373-1378, 1969. 

Fisner, R.L. and H.H. Hess, Trenches, in The Sea, Vol. 3, edited by M.N. Hill, pp. 411-436, Interscience, 
New York, 1963. 

FisHer, R.L. and R.W. Raitt, Topography and Structure of the Peru-Chile Trench, Deep-Sea Res., 9, 423-443, 
1962. 

Forsyru, D. and W. Cuappie, A mechanical model of the Oceanic lithosphere consistent with seismological 
constraints (abstr.), HOS, Trans. Am. Geophys. Union, 59, 372, 1978. 

Hamitton, W., Subduction in the Indonesian region, in M. Ewing Series 1, edited by M. Talwani and W.G. 
Pitman, III, pp. 15-31, Am. Geophys. Union, Washington, D.C., 1977. 

Hanxs, T.C., The Kuril Trench-Hokkaido Rise system: Large shallow earthquakes and simple models of 
deformation, Geophys, J. R. Astr. Soc., 23, 173-189, 1971. 

Hasecawa, A.N. and A. Taxaci, Double-planned deep seismic zone beneath the North Eastern Japan Arc 
(abstr.), pp. 44-45, Int. Geodyn. Conf., March, Tokyo, 1978. 

Hayes, E.E., Ageophysical investigation of the Peru-Chile Trench, Mar. Geol., 4, 309-351, 1966. 

Hayes, D.E. and M. Ewin, Pacific boundary structure, in The Sea, Vol. 4, edited by A.E. Maxwell, Part 2, 
pp- 29-72, John Wiley & Sons, Inc. New York, 1970. 

Hixpe, T.W.C. and A.D. Rarr, Evidence of oceanic crust beneath the shoreward slope of the Japan trench 
from magnetic and seismic reflection data (abstr.), EOS, Trans. Am. Geophys. Union, 51, 330, 1970. 

Hivpg, T.W.C., N. Isezaxi, and J.M. WAGEMAN, Mesozoic sea-floor spreading in the North Pacific, Geophys. 
Monogr. No. 19, pp. 205-226, Am. Geophys. Union, Washington, D.C., 1976. 

Hivpe, T.W.C., J.H. Waceman, and W.T. Hammonp, The structure of Tosa terrace and Nankai trough off 
southeastern Japan, Deep-Sea Res., 16, 67-76, 1969. 

Hownza, E., Basic framework of the island arc systems in the NW Pacific margin (abstr.), Int. Geodyn. Conf., 
March, Tokyo, p. 54, 1978. 

Hussonc, D.M., Tectonic implications of the crustal structure of the Mariana Island arc system near 18°N 
Latitude (abstr.), Int. Geodyn. Conf., March, Tokyo, pp. 60-61, 1978. 

Isacks, B. and P. Motnar, Distribution of stresses in the descending lithosphere from a global survey of focal 
mechanism solutions of mantle earthquakes, Rev. Geophys. Space Phys., 9, 103-174, 1971. 

Isacks, B., J. Ottver, and L.R. Sykes, Seismology and the new global tectonics, J. Geophys, Res., 73, 5855— 
5899, 1968. 

Isacks, B., L.R. Sykes, and J. Outver, Focal mechanisms of deep and shallow earthquakes in the Tonga- 
Kermadec region and the tectonics of island arcs, Geol. Soc. Am. Bull., 80, 1443-1470, 1969. 

Karic, D.E., Evolution of arc systems in the Western Pacific, Annu. Rev. Earth Planet. Sci., 2, 51-75, 1974. 

Sas D.E. and G.F. SHarman, III, Subduction and accretion in trenches, Geol. Soc. Am. Bull., 86, 377-389, 

Ie 

Lupwic, W.J., N. Den, and S. Muraucut, Seismic reflection measurements of Southwest Japan Margin, /. 
Geophys. Res., 78, 2508-2516, 1973. 

Lupwic, W.J., D.E. Hayes, and J.I. Ewine, 1967, The Manila Trench and West Luzon Trough. I. Bathy- 
metry and sediment distribution, Deep-Sea Res., 14, 533-544, 1967. 

Lupwic, W.J., J.1. Ewinc, 8. Muraucut, N. Den, S. Asano, H. Horra, M. Hayakawa, T. AsAnuma, K. 
eae and I. Nacurcut, Sediments and structure of the Japan Trench, J. Geophys. Res., 71, 2121— 

McApoo, D.C., D.L. Turcorte, and J.G. CaLpwe tt, The analysis of an elastic-perfectly plastic lithosphere 
ee ea under both transverse and horizontal bending (abstr.), EOS, Trans. Am. Geophys. Union, 

> > * 


Fault Patterns in Outer Trench Walls and Their Tectonic Significance 101 


Me osu, H.J., Dynamic support of the outer rise, Geophys, Res. Lett., 5, 321-324, 1978. 

Parsons, B. and P. Moxnar, The origin of outer topographic rises associated with trenches, Geophys, J. R. 
Astr. Soc., 45, 707-712, 1976. 

Pirman, W.C., III, R.L. Larson, and E.M. Herron, Age of the ocean basins determined from magnetic 
anomaly lineations, G.S.A. Map and Chart Series, MC-6, 1974. 

Rarrt, R.W., R.L. FisHer, and R.G. Mason, Tonga Trench, in Crust of the Earth, GSA Special Paper, Vol. 62, 
pp. 237-254, 1955. 

Scuott, D.W., M.S. Martow, and A.K. Cooper, Sediment subduction and offscraping at Pacific Margins, 
in M. Ewing Series 1, edited by M. Talwani and W.G. Pitman, III, pp. 199-210, Am. Geophys. Union, 
Washington, D.C., 1977. 

Screntiric Party, Transects begun: Near the Japan Trench, Report on DSDP Glomar Challenger Leg 56, 
Geotimes, March, 22-26, 1978a. 

Screntiric Party, Japan Trench transected, Report on DSDP Glomar Challenger Leg 57, Geotimes, April, 
16-21, 1978b. 

ScLATER, J.G., R.N. ANDERsoN, and M.L. Bett, The elevation of ridges and the evolution of the Central 
eastern Pacific, J. Geophys. Res., 76, 7888-7915, 1971. 

SEELy, D., P. Vait, and G. Watton, Trench slope model, in Continental Margins, edited by C. Burk and C. 
Drake, pp. 249-261, Springer-Verlag, New York, 1974. 

STaupDER, W., Tensional character of earthquake foci beneath the Aleutian trench with relation to sea-floor 
spreading, J. Geophys, Res., 73, 7693-7702, 1968. 

Sucimura, A. and S. Uyena, Island Arcs: Japan and Its Environs, p. 247, Elsevier, Amsterdam, 1973. 

von Hueng, R., Structure of the continental margin and tectonism at the eastern Aleutian trench, Geol. Soc. 
Am, Bull., 83, 3613-3626, 1972. 

Waceman, J.M., T.W.C. Hixpg, and K.O. Emery, Structural framework of East China Sea and Yellow Sea, 
Am. Assoc. Pet. Geol. Bull., 54, 1611-1643, 1970. 

Warts, A.B. and M. Taiwan, Gravity anomalies seaward of deep-sea trenches and their tectonic implica- 
tions, Geophys. J.R. Astr. Soc., 26, 57-90, 1974. 


atte): dp. ve a ere Jagr Ap ‘ 
) * 

: yO, A ae 7 

= ‘ Uieth bw A, actly. ; is hi 


; / Hit ewererd dliipn? Sip fajreve tha 2 


) i i, © quer D1L/ BM) a : 
| vihing jet “the *ouithe, we 
| i 7 


oq! 


t *yaneey ciusdll oft 
“ ‘ . = tae, 5 nity G. Cond; 


iu ay WP. 


‘ sag « ‘wenn oP borcasd 


Lt) exe. 


MOTION OF THE PACIFIC PLATE AND FORMATION OF 
MARGINAL BASINS: ASYMMETRIC FLOW INDUCTION 
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We have examined agencies inducing flow in the sub-Pacific mantle. The capable 
agencies are buoyancy forces (causing convection), and passage of the tidal bulge. Bulge 
passage induces rotational flow dimensionally identical to that induced by buoyancy, and 
interacting with it. The stress imposed by bulge passage is additive across the width of the 
sub-Pacific flow cell, in the fashion that the buoyancy stress is additive in thickness. Each 
stress builds thus to values in excess of 108 dyn/cm?, overcoming the flow resistance pro- 
vided by mantle viscosity. The tidal flow contribution favors the development of the west 
limb of convection cells, because these represent rotational flow in the tidal direction. 
East limbs are inhibited. 

Under these forces the Pacific plate has developed as the cool, rigid surface of mantle 
convection surfacing in the eastern Pacific, and foundering at the western margin. The 
west, co-tidal limb of the East Pacific Rise now extends clear across the Pacific. The 
counter-tidal east limb is dwindling through its replacement by the extending west limb of 
the Atlantic spreading center, bearing the Americas plates. 

The unbroken line of gravity highs at the western Pacific margin marks excess material 
accumulating where the west limb of the East Pacific Rise encounters the less mobile 
Asian continental mass. Material added to the asthenosphere causes disruption of the 
Asia margin, secondary sea-floor spreading, and the formation of arc-bounded basins. At 
the termination of the east, counter-tidal limb (overlain by the Cocos and Nazca plates) 
this process is not operative. Marginal basins, if they form, are destroyed along the 
Andean orogenic front by the westward-advancing Americas plates. 


1. The Problem 


The Pacific lithosphere plate, 7,000 km wide but only one hundredth as thick, seems 
to move intact towards eastern Asia and Australasia. What causes this motion? 

The only agency which seems capable of thus rafting the plate without deformation is 
convection in the mantle. Observation shows that convection is in fact associated with 
the motion of the Pacific plate. Material is seen to reach surface at the crest of the East 
Pacific Rise, and to return to the planetary interior in zones of subduction at the west Pa- 
cific margin. 

However buoyancy convection possesses a cell structure which seems to preclude the 
development of a cell spanning the width of the Pacific Ocean; even if convection em- 
braces the entire mantle, the pattern should be that of smaller cells, breaking up the 
Pacific plate into several. Further difficulties exist. Theoretical and numerical models 
of convection (see for instance McKenzie et al., 1974) indicate that under unforced thermal 
convection upflow limbs should be the site of positive gravity anomalies, downflow limbs 
of negative. The gravity geoid (Fig. 1) shows that the observed anomalies in no way 
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agree with the models. The Pacific-Antarctic and East Pacific Rise is marked randomly 
by highs and by lows. At best a secondary relationship (ScLATER et al., 1975) can be dis- 
tinguished between gravity anomalies and the world rift system. On the contrary, the 
subduction zones marking downflow at the west Pacific margin are the site uniquely of 
gravity highs, the opposite of the relation to be expected under thermal convection. Deep 
seismicity, marking downflow, occurs world-wide only in the context of gravity highs. 

To obviate such difficulties it has been suggested that the lithosphere plates move on 
small-scale convection in the asthenosphere. As has however been pointed out, such 
models cannot account for the net flow of material. The drift of plates represents uni- 
directional material flow at variance with that imparted by a random thermal process. 

With respect to buoyancy forces, it has been pointed out (ForsytH and Uyepa, 1975) 
that the forces acting on the down-going slab are greater than any others. It has been 
suggested that cooled, dense, foundering lithosphere (Exsasser, 1966) draws plates after 
it. McKenzie (1969) however has pointed out that not all plates are attached to sinking 
slabs. It seems implausible that such a frail object as the Pacific plate can be pulled or 
pushed from either end without disruption. 

The basic problem is one of energy supply and the stress required to overcome resist- 
ance of the mantle to flow. It has frequently been concluded (see for example McKeEnziz, 
1972) that thermal convection, only, can supply energy sufficient to drive plates. Never- 
theless, two non-thermal energy sources are of sufficient magnitude. These are: the 
creation of buoyancy by differentiation of mantle material (hence the release of gravita- 
tional energy); and the dissipation of Earth rotational energy by tides. Of these, differ- 
entiation buoyancy has earlier been identified (RrIncwoop, 1973). It may well play a part 
in driving convection, but explains no more effectively than does thermal buoyancy the 
geometry of plate motion. Both types of buoyancy create forces having limited lateral 
extent, resulting in the well-recognized limitations on cell size. 


Cliomels _>s 


Fig. 1. Gravity geoid, after Gaposcuxin (1974), and incidence of deep 
(h>300 km) hypocenters, recorded by WWSSN 1961-1967 (BARAZANGI 
and Dorman, 1969). Reference ellipsoid, f=1/299.67; terms to 18th 
degree and order. Small black circles indicate axis of sea floor spreading; 
circles do not represent individual epicenters. To eliminate uncertain 


events, magnitude of deep hypocenters is not less than 5. Contour interval, 
10 mGal. 
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Accordingly, in what follows we have examined the effect of tidal bulge passage on 
mantle in convection, and this specifically in regard to the Pacific plate. A companion 
paper (Bostrom, 1978a) considers the flow processes responsible for the orogenesis at the 
eastern Pacific margin. 


2. Observed Pacific Plate Motion 


The seismicity of the Pacific region played a formative part in the concept of plate 
tectonics. McKenzie and Parker (1967) noted the magnetic pattern and _ seismic 
characteristics of the sea floor spreading and consumption centers of the North Pacific, 
and concluded that “these observations are explained if the sea floor spreads as a rigid 
plate and interacts with other plates in seismically active regions which also show recent 
tectonic activity.” The westward or northwestward motion of the Pacific plate apparent 
at that time from focal mechanism studies has been confirmed by later observations. The 
latter furthermore have been interpreted to suggest that the lithosphere at the west Pacific 
margin plunges into the asthenosphere and lower mantle as a slab (OxIveR and Isacks, 
1967; Isacxs et al., 1969). 

One line of evidence is now held as to the motion of the Pacific plate relative to the 
mantle (rather than to other plates). This is the trace of mantle magma sources or hot 
spots on the lithosphere plate (Wixson, 1965, 1973). Munster et al. (1974) believe that 
mantle sources may be immobile relative to each other. 

The combined evidence suggests that the Pacific lithosphere plate forms at a rate of 
about 10 cm per year at the crest of the East Pacific Rise; moves across the Pacific Ocean 
where it encroaches on the eastern flank of Asia and Australasia in a belt of convergence; 
and reenters the planetary interior in subduction zones extending from the Kermadec 
region, north of New Zealand, to Kamchatka. 

Deep seismicity (h>300 km) is confined to low and intermediate latitudes, suggesting 
that deep subduction is similarly restricted. As Kaura (1970) has pointed out, the gravity 
relationship (Fig. 1) displays that a mass deficiency drawing material towards the west 
Pacific margin does not exist; material is crowded into the subduction region, where it is 
reassimilated in the mantle, by an external force system. 


3. Vorticity Induction under Tidal Bulge Passage 


A connection has been sought for some time (Darwin, 1879; Eppincron, 1923; 
Suaw, 1970; Jory, 1926; Jerrreys, 1926; Moore, 1973; Drniincer, 1971; Danes, 
1973; JorDAN, 1974) between geotectonics and the action of tides. The connection has 
been obscured because usually the stress imposed by the weak, secondary retarding torque 
has been taken to be the only tide stress inducing cumulative deformation (Darwin, 1879; 
Jerrreys, 1929; JorpAN, 1974). The stresses caused by tidal bulge formation are 108 
times more intense, but have been thought to entirely reverse through time, thus not result 
in cumulative deformation. 

However the tidal bulge does not form in place, but by the passage of a wave around 
the Earth, namely by the addition of simple shear always in one direction. Inevitably, 
the real Earth is not perfectly elastic. In consequence the tidal wave is not irrotational 
as commonly assumed, and imposes cumulative rotational strain or vorticity. “The mecha- 


nism is as follows: 
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Fig. 2. (a) Tide-generating force in Equator plane. At a fixed point on Earth the direction rotates 
without reversal. (b) Displacement of particle at point P (point of arrow), in horizontal plane, 
at 30°S. Particle is displaced a few centimeters twice daily around ellipse, always in same (coun- 
terclockwise) direction without reversal. (c) Instantaneous stress axes i constantly lead axes of 
finite strain ellipsoid, f (d) Resulting distortion of elastic rhomboidal element. In response to 
rotating stress axes, strain progression is via incremental simple shears. Distortion is non-cumula- 
tive. Material consists of predominant, perfectly elastic fraction and commingled minor fraction 
imperfectly elastic, see Fig. 3. 


The bulge advances as a result of the Earth rotating in the tide-raising potential 
field of itself plus the Moon (Fig. 2). Ata fixed point in the Earth, the tide-raising force, 
hence the imposed strain field, does not oscillate back and forth; it rotates, always in one 
direction. The elastic fraction of mantle material does not experience cumulative strain 
(Fig. 2(d)). 

Intermingled with the elastic fraction is the anelastic fraction. In consequence of 
its presence (Fig. 3), the observed tidal bulge slightly lags in time the overhead passage of 
the Moon or Sun. The phase lag describes the anelastic bulge. The anelastic bulge is 
the bulge which would remain if tidal forces were instantaneously withdrawn. Its param- 
eters are the difference in magnitude and direction of the principal axes between those of 
the observed and the equilibrium or elastic bulge. 

The simple shear (pure shear plus rotation, cf. Love, 1944) in the elastic portion of 
the material (representing almost all of the observed displacement of a few tens of centi- 
meters under the bodily tides) incorporates a rotation amounting to tan-! (¢1—e2) where 
e is the strain, i.e. about 2.9 10-6 degrees. The rotation embodied in the anelastic 
portion is even more minute; but is cumulative, rather than self-cancelling through time. 

The anelastic, bodily tidal phase displacement in the real Earth is difficult to observe, 
due to the gross disturbing effect of the water tides. In the case of Mp, a large, unknown 
part of the observed phase lag represents elastic deformation resulting from water dis- 
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Fig. 3. (a) Distortion of imperfectly elastic volume 


element. Sides of rhombus rotate through small 
angle (y/2).,,=1/2 (¢1—«2)=5 x 10-8 rad. Stress 
axes rotate in counterclockwise direction. The 
direction of principal strain axes lags overhead 
position of Moon and Sun by the small angle 
a~0.5°. (y/2)ane1, the anelastic rotation of particle 
lines in the material (dash line), is small fraction 
of (y/2).»;3 but is cumulative. In terms of the 
observed magnitude of «1, ¢2 and phase lag «, 
(F)aneiv2.9 x 10-8 rad/year, entailing westward 
displacement of the surface relative to base of man- 
tle of 7.3 cm/year. (b) Deformation mode of con- 
tinuous medium under rotational strain (7) ane1- 
Volume elements within surface S rotate as shown 
against the viscous resistance of the mantle. The 
cumulative deformation represents rotational flow 
(cf. Lamp, 1932) or vorticity, ¢=(0u,/ox,—ou,/ 
dx,) where uw is velocity. Circulation is in direction 
shown (counterclockwise) under bulge passage, 
and in the west limb of convection cells. 
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Table 1. Phase of diurnal solid-Earth tide (DucARME and Metcutor, 1977). 
eee a ee eee A EE ee 


nae t Location Phase of O; Mean square 

— Latitude Longitude (401) error 
Brussels-Uccle 50 48 N 04 22 E —0.20° 0.34 
Helwan-Cairo 29 51 N $1 20°58 =2.05 0.75 
New Delhi 28 38 N Ti) lik —0.61 0.69 
Bangkok-Latprao 13 48 N 100 36 E = 150 0.54 
Kuala Lumpur 3 07 N 101 39 E —13.86 1.22 
Hong Kong 22 18 N 114 10 E —4.61 0.83 
Baguio 16 24 N 120 34 E —7.40 0.77 
Bandung 6 54 S 107 7 505 FE +11.04 1.63 
Port Moresby GF-25° 8S 147 09 E +0.03 0.81 
Canberra 35,19" oS 149 00 E —0.96 0.61 
Perth 31 59° S 116 13 E +2.54 0.35 
Hobart 4? 55 S$ 149 19 E 2.25 0.25 
Lauder 45 02 S 169 41 E —1.54 0.46 
Suva-Vunikawai 18 03. S 178 28) EF +2.39 1.19 


—, phase lag; +, phase lead. The above observations were made using gravimeters 
calibrated at the base station (Brussels) for not less than 4 months. 


placement in the marine tides. Metcuior (1974) has pointed out that the remaining, 
anelastic portion of a observed may be measured in terms of the phase displacement of 
the bodily diurnal tide O;. In respect to 01, water displacement is small. The gravi- 
metric phase lag, which in western Europe is —0.2° to —0.4°, is a fraction of the phase 
lag of the actual bulge. A global profile of O; is now partly complete (DucARME and 
Metcuior, 1977) (Table 1). It is already apparent that a@g,a, is small, between —0.2° 
and —0.5° in stable regions; but that this angle is large, ranging from —14° to + 23° in 
actively orogenic regions, notably the west Pacific margin. Its variation is inexplicable in 
terms of water displacement. 

The imposed cumulative rotational strain represents the induction of rotational flow 
or vorticity of the form shown in Fig. 3(b). The generation of vorticity by a “‘collapsing 
deformed surface” has already been demonstrated by McKenzie (1968, his Eq. (3.10)). 
In the present case the collapsing surface is represented by the westward-sweeping tidal 
bulge. The state of present information therefore is that the observed anelastic phase lag 
is sufficient, in itself, to account for the greater part of the observed motion of the Pacific 
plate. 


4. Convection under Buoyancy and Bulge Passage 


Vorticity likewise is induced by buoyancy, resulting in convection if certain condi- 
tions are met. The driving force in buoyancy convection and the forces opposing it are 
represented by the flow equation 

90¢(T—To)=77*u—pP (1) 
in which 9 is the density, ¢ the coefficient of thermal expansion, T, 7’ the temperature 
at different locations, 7 the dynamic viscosity, u the velocity and P pressure (cf. MCKENzIE 
et al., 1974, their Eq. (10)). 


In comparison, 


Vt. +o(wP)u=np2u—pP (2) 
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describes the forces driving and opposing flow induced by tidal bulge passage. In (2) the 
buoyancy stress is replaced by 

Ta=Tequil’ tan &, 
in which the first R.H. term represents the equilibrium (symmetric) stresses in bulge for- 
mation. ‘The magnitude of ta accordingly is a few tens of dyn/cm2, based on the value 
0.2° of the lag angle aw and the value 104 dyn/cm? (Takeucut, 1951) of the stress differences 
in bulge formation. 

In respect to both (1) and (2), taking the curl of both sides eliminates P; but vorticity 
remains. ‘The reason in the case of (2) is that shears are present acting always in the same 
sense, as the bulge stress axes constantly lead those of the finite strain ellipsoid. In both 
cases, the flow represents the continual induction of rotational flow and its dissipation 
under viscous friction. 

It is not possible to solve the Rayleigh equations of convection for the real Earth due 
to the unknown relationship between T, P and 7, far less to reach simultaneous solutions 
of (1) and (2). However it is possible to discern the contribution of each to the flow. 
The distribution of the torques due to buoyancy and to bulge passage is compared in 
Fig. 4. The usual means of solution of the Rayleigh equations of convection (by exchange 
of variables) obscures the origin of the large stresses generated in thermal convection. 
The primary stress between volume elements 

eine a T¢09g 
is minute. If for instance the lateral thermal gradient in the mantle were as great as 


Fig. 4. Comparison of flow under bulge passage and flow under thermal 
buoyancy: Buoyancy torques (b) represent difference in gravitational 
attraction on neighboring volume elements 1, 2, etc., hence act only 
where there is present a horizontal gradient in the density. Primary stress 
acts only in the vertical. For Rayleigh numbers specified by mantle viscos- 
ity and thermal gradient, Pacific plate would be underlain by multiple 
flow cells, breaking it up. In contrast, flow under bulge passage (a) is 
induced by torques acting uniformly, at all points clear across Pacific. 
The flow induced by bulge passage is of mode identical to that representing 
the west limb of convection cells; and opposite to that in east limbs. Under 
either or both forcesy stems, stresses sum to values > 10° dyn/cm?, accord- 
ing with orogenesis and seismicity of west Pacific margin. 
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100°C/500 km, p=3.5 g/cm’ and ¢=2 x 10-5/°C, Thuoy is only 1.4.x 10-7 dyn/cm?. The 
large stresses in buoyancy convection arise because of its organized, cellular form. Once 
flow commences, the buoyancy of volume elements forming a cell is cooperativ ethrough 
stress transmission. 

For the same reason the velocity in convection varies (Tozer, 1967) as 1/3 «/d R'? 
(x thermal diffusivity), where the Rayleigh number R is a function of the fourth power of 
the layer thickness, d. Stress in a layer d thick of material having a viscosity v, attains at 
its maximum (Knoporr, 1964) the value 


(geet A Gd /{2) (0VUmax/d). 
Typically, for whole-mantle convection, vy=10??P, umax as indicated by plate motion 
8 cm/year, 0==4.0 g/cm3.- d=2.9 x 10 8cm, Tmax is 1.3 x 108 dyn/cm?. 

In the case of the tidal torques, Eq. (2), identical conditions apply. Under flow, 
the stress acting at a point beneath the Pacific plate is additive to that developed at similar 
points across the whole width of the plate, which acts as a stress transmitter in respect to 
the highly coherent bulge stress. The horizontal limb in the case of tidal vorticity induc- 
tion is the analog of the vertical limb in buoyancy convection. The buoyancy force acts 
only where there is present a horizontal gradient in the density, the physical reason why 
it is difficult to model cells having the width of the Pacific Ocean, one third the circum- 
ference of the Earth. However tidal vorticity induction acts ubiquitously and in phase 
across this great distance. Based on the plate width, the stress thus developed assuming 
that the anelastic phase lag @ is 0.2° is (plate width) times ta, namely several times 108 
dyn/cm?, comparable with or greater than the stress developed in buoyancy convection. 
The direction of the flow under vorticity induction, representing the tidal contribution to 
the convection (Fig. 5), is that of the observed motion of the Pacific plate. 

The observed phase angle @ describes dissipation in the mantle as a whole. The 
viscosity distribution in the mantle requires that the flow responsible for the dissipation is 
concentrated in the asthenosphere, in the fashion described by TAkEucut and SAKATA 
(1970). Ifthe base of the lithosphere is the site of a layer of partial melting or lubrication 
as deduced by ANDERSON and Sammis (1970), flow must be concentrated within it. In 
this case, in a sense, the lithosphere slides or works its way over the more slowly flowing 
lower part of the asthenosphere. 

Measured in terms of the dissipation as a function of a, the tidal contribution to the 
flow is independent of assumed values of the mantle viscosity. 

The phase-derived dissipation if @gray is —0.5° is (MELCHIOR, 1974) 8.5 x 1026 erg/ 
year. ‘The flow must accord with the flow resistance of the mantle in respect to tide stresses, 
next examined. 


5. Tide-Effective Viscosity 


Determinations of the viscosity of the mantle with respect to surface loads (O’ ConnELL, 
1971; Carnes, 1971) indicate that its value is between 102! and 1023 P. In this case 
the elastic quality factor Q of Earth in respect to elastic tides has a value of millions (Oro- 
wan, 1967) and the dissipation is negligible. Q in respect to the decay of seismic waves 
and eigenvibrations (ANDERSON and Kovacn, 1964; Smiru, 1972) is less by a factor of 
thousands, namely about 650. On this basis dissipation in respect to the oscillatory part 
of bodily tidal deformation is 106 erg/year or less. Estimates of the displacement in re- 


Motion of the Pacific Plate and Formation of Marginal Basins 111 


Fig. 5. Form of the circulation contribution under 
tidal vorticity, shown as stream lines. The viscosity 
gradient is very steep. In consequence the flow 
must be concentrated in the asthenosphere in the 
manner found by Takeucui and Sakata (1970). 
Return flow is slow, in the thick lower mantle. In 
sum, as much material is displaced east as west. 
Note flow is under internal torques; the crust is not 
“towed around over a fluid layer” by an external 
force system, which as JEFFREys (1929) has pointed 
out would catastrophically reduce the Earth’s 
rotation. The rings describe the sense of the vortic- 
ity vector. Vorticity is induced ubiquitously and 
continuously, with rotation of bulge-stress axes. 
Circulation causing west displacement of surface 
is fostered in low latitudes, thus the west limbs of 
convection cells are fostered. With increase in lati- 
tude, due to the angle made by the vorticity vector 
to the Earth’s surface, clockwise circulation is fos- 
tered in the north hemisphere, and vice versa. 
Note switch at Equator of the polarity of the trans- 
forms. 


sponse to tides assuming perfect elasticity (TAKEucut, 1951; Taxrucur and Sarto, 1962) 
yield Love numbers close to those observed. 

The answer to the question of why the lag-determined dissipation is several times 
1026 erg/year is twofold. 

Firstly, (supra) under a flow regime of large cells, bulge passage imposes steady stress 
which is additive across cell-wide segments of the mantle. The stress thus developed, 
> 108 dyn/cm2, is comparable to or greater than that developed by buoyancy convection. 
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It is therefore able to account for mantle flow and ultimately for orogenesis, either in its 
own right or in conjunction with buoyancy forces. 

Secondly, the stress-strain relationship in respect to the processes comprising ‘‘flow” 
in the Earth is extraordinarily non-linear. The tide stress is imposed (Fig. 6) on mantle 
already stressed to the point of failure by the convection. Mantle convection comprises 
multifarious processes of material and energy transference. These include not only high- 
temperature creep, but fracture, fractionation including vulcanicity, and phase transition. 
Carrer (1976) has shown that in respect to flow in rock materials the strain rate is related 
to the stress raised to the power 2 to 9. The investigations of Kien (1976) and Mauk 
and JounsTon (1973) suggest that seismicity and vulcanicity are non-linear in the extreme, 
to the extent of being triggered phenomena. With respect to viscosity the ice-loading of 
continents or the imposition of a stationary load do not impose stress in the mode of a bulge 
sweeping across the sub-oceanic asthenosphere. The latter imposes strain on a mantle 
already stressed to the yield point under convection; and does so in precisely the mode 
(rotational flow) in which it is pre-strained. An example of the effect to be expected at 
the west Pacific margin is illustrated in the next section of this paper. 


5.1 Energy expenditure 

The energy dissipated in the Earth including the seas is known from the acceleration 
of the Moon (JEFFreys,1921; MuLuEr, 1976) to lie between 8 and 15 x 1026 erg/year. This 
is larger than the flux required to drive convection and orogenesis. The tidal dissipation 
has several times been attributed almost wholly to the seas. Internal dissipation as in the 
mantle would then be small. 

HENpDERsHOTT (1972) has quantified the total dissipation in terms of the observed 
ocean tides. Gauge-observed water tides are used to determine the deformation of the 
sea floor, assuming perfect elasticity. Integrated over the oceans, the work done by M2 
is found to be 9.6 x 1026 erg/year, explaining the acceleration of the Moon. 

LamBeck (1975; p. 2923) has compared Hendershott’s tidal dissipation rate for Mz 
with the orbitally derived measure of the dissipation. As the difference is small he con- 
cludes that little dissipation is effected in the solid Earth. However Hendershott’s formu- 


Fig. 6. Viscosity 7=o/é with respect to superimposed 
stress in pre-stressed, non-linear material. In metastable 
regions of the mantle, such as those (Fig. 7) in subduc- 
tion, material is pre-stressed (dotted line) to point of 
failure in yield, fracture and compression; superimposed 
stress do as by tides results in large deformation. Effective 
viscosity (slope of curve) is small. On the contrary, in 
stable regions locally stressed such as Fennoscandia by 
ice loading (G), effective viscosity is high. 


STRAIN RATE 
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lation by intention includes no dissipation terms, in respect either to the seas or the solid 
Earth. The phase displacement in the observed water tide upon which the computation 
is based is assumed to be due to dissipation “somewhere” outside the boundary of the 
computation. His formulation thus makes no statement as to whether the phase dis- 
placement in the motion of the seas and sea floor is due to dissipation in the seas or in the 
solid Earth (for instance, the thick sub-oceanic asthenosphere). The elastic Love number 
used in the computation is insignificantly different from the anelastic number appropriate 
if all dissipation were to take place in the solid Earth. 

Extra-terrestrial data such as the acceleration of artificial satellites cannot separate 
the phase lag due to dissipation in the sea and underlying floor. The seas and lossy part 
of the asthenosphere are coincident and their spatial spectra the same. To effect the 
separation MILLER (1966) measured the flux of tidal energy into shallow seas, where almost 
all the marine dissipation takes place. The flux thus measured is between 4.4 and 5.5 x 
106 erg/year. This accounts for about half only of the astronomically-detected dissipa- 
tion, but accords with the large value of the dissipation in the solid Earth indicated by the 
lag in O;. It accords also with the large value of the quality factor Q, Q=34, derived by 
Hendershott. To account for the dissipation entirely in terms of marine processes, the 
value of Qmarine (Munk and MacDonatp, 1960, p. 218) must be about 2.6; see also 
Newton (1972, 1973, 1976). 

We therefore are inclined to conclude that about half the dissipation astronomically 
measured, namely between 4 and 7.5 x 1026 erg/year, is available to drive or modulate 
flow processes in the mantle. 


6. Structure of Pacific Margin 


The margin of the Pacific basin was at one time regarded as tectonically uniform; 
hence the Pacific ‘“‘ring of fire.’ Marginal structure is now seen to vary strongly from 
region to region. The west margin consists of minor ocean basins outlined by island arcs 
and underlain by Benioff zones. Benioff zone features (the tectonic trench, the Meinesz 
gravity strip, sub-lithosphere seismicity) are absent in the Canada/United States portion 
of the Pacific rim with the exception of Alaska. The Andean sector is sublain by a 
Benioff zone, but this region is devoid of marginal basins. As pointed out by Dickinson 
(1978) and others, the Pacific basin is remarkably asymmetric. The west Pacific is the 
site of a continuous string of marginal basins. In the east these are absent. ‘The Pacific 
plate, representing the west limb of the East Pacific Rise axis of'sea floor spreading, occupies 
most of the ocean floor. The east limb is one fifth this size. 


6.1 Flow regime, west margin 

Seismologic evidence (Isacks and Moxnar, 1969) and the geologic record indicate 
that the west Pacific margin, the most active region of the planet, is the site of large-scale 
foundering of lithosphere. In terms of convection, this represents the return to the plane- 
tary interior of material which originally upwelled to form new lithosphere at the crest of 
the East Pacific Rise, 6,000 km to the east. Theory, laboratory and seismologic evidence 
(Rincwoop, 1973; AHRENS, 1972; Jounsron, 1969) require that as material under surface 
conditions passes into regions of high pressure and temperature its minerals transform into 
dense phases, to the accompaniment of energy transference. In flow the process represents 
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Fig. 7. (a) Creation of metastable material in sub- 
duction region. As material founders minerals 
such as olivine change phase to dense, high-pres- 
sure form. Transition takes place in over-pres- 
sured, metastable zone. Probability of transition 
to dense form increases to 100% at base of 
metastable zone, and transition is complete. 
Transition surface is complicated and may be 


atone a concave upward or downward dependent upon 
s Bach 5 we 
SS eee whether slope of equilibrium curve is positive or 
0 ———AYDY : ; : 
aie negative. (b) Regime in metastable zone. At 
ight phase 


typical foundering rate 5cm/year, the hydro- 
static pressure change (+5.5 x 10-4 dyn/cm?/sec) 
is represented by the slope of the almost hori- 
zontal line. The pressure change due to tidal 
gravity disturbance is about one thousand times 
this rate. The oscillatory curve represents the 
total pressure change in transition region under 
tides. Over a period of many cycles, transition 
must take place predominantly when the total 
pressure is risig (dashed line), rather than falling. 
fi Note that process cannot operate in stable re- 
10 50 100 hours gions, where metastable material is not conti- 
b nuously created by convection. 
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volumetric or bulk viscosity, because the released energy becomes locally unavailable and 
the deformation (compression) is irrecoverable. 

The flow regime in this region is illustrated in Fig. 7. Mineral species such as olivine, 
stable near surface, experience transition into high-density forms at depth. Within the 
down-flowing limb, iso-phase surfaces may be convex upward or downward, dependent 
upon the sign of the curve describing the conditions of transition. Laboratory and 
seismologic evidence (AKIMOTO and FuytsAwa, 1966; Rincwoop, 1973; JoHNsron, 1969) 
indicate that phase transitions are numerous and overlapping, and extend to the lower 
mantle. 

Putting aside at first the effect of tides, foundering causes the increase through time 
of both pressure and density. On the average the pressure increase due to the downward 
flow component, if the latter is 5 cm/year and the density 3.5 g/cm2, is 5.4 x 10-4 dyn/cm2/ 
sec. 

Upon this slow secular increase is superimposed the rapid, much larger, but oscilla- 
tory pressure variation due to the tidal disturbance in gravity. Assuming the latter typi- 
cally to be 0.1 mGal, the tidal pressure variation is 

hoAg 
where fA is depth of the volume element. The rate is 2.6 x 10-1 dyn/cm2/sec at a depth 
350 km. Locally, water-loading increases this variation by an order of magnitude 
(Zscuau, 1977). The pressure change due to the tidal gravity cycle is thus hundreds to 
thousands of times greater than the pressure increase in the same length of time under 
foundering. The total pressure actually decreases in the negative part of the tide cycle, 
Pig. 7(b). 

Within the metastable, over-pressured material continually created under foundering, 
it seems inevitable that phase transition preponderantly takes place when the total pressure 
is increasing; and not when it is decreasing. Conversely, with respect to its bulk viscosity 
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the material of the mantle must respond elastically to the tidal pressure variation in regions 
where upflow or downflow is not present (not creating material at the metastable point 
or point of failure in volume). It seems no coincidence that large tidal phase lags are 
typical of the west Pacific region. Thus for instance the lag in the diurnal bodily tide, 
little affected by water displacement, is —7° at Manila (Table 1). 

In regions such as the west Pacific margin, where the resistance of the material in 
volume to the tidal pressure variation has been overcome by foundering and metastability 
prevails, volumetric viscosity must be a dominant loss mechanism. Apparently, the 
advance in the convection must be modulated significantly by the tidal pressure varia- 
tion. Griccs (1972) has pointed out that the energy released by the foundering lithosphere 
is very large, of the order 10°, of the Earth’s total heat efflux, i.e. about 10% of 1028 
erg/year. Thus even a minor modulation of the advance in the convection (such for 
instance that 60% is accomplished during pressure-rise times versus 40°/, during the 
remaining half of any time interval) could by itself account for the entire “missing” fraction 
of the tidal energy dissipation. 

Analogous tidal modulation, of phase decompression and partial melting, must take 
place in upflow regions such as the axis of the sea floor spreading system. KLEIN (1976) 
has demonstrated synchronization of tide stress and seismicity in the portions he has ex- 
amined, namely the north segment of the East Pacific Rise and the north half of the mid- 
Atlantic Ridge. In upflow regions the advance in convection takes place during tidal 
pressure minima. 


6.2 Formation of marginal basins 

As in his discovery of mantle plumes (Wixson, 1965a), transforms, and plates (WILSON 
1965b), Witson (1973) has pointed to the significance of relative motion in the formation 
of marginal basins. It seems to matter profoundly, in plate convergence, which plate is 
more nearly stationary relative to the mantle. If for instance a continental plate is fixed 
and oceanic plates encroach upon it, island arcs will form, enclosing marginal basins. 

This circumstance becomes more comprehendible when considered alongside the 
fact (NELsoN and TempLe, 1972) that, world-wide, subduction zones facing east differ 
from those facing west. As pointed out by Uyepa and Kanamori (1978), if the motion 
of the mantle relative to the lithosphere is eastward, the east-west asymmetry is explicable. 
In terms of the tidal contribution to vorticity, the subduction zones at the west Pacific 
margin benefit from the tidal contribution, and from induction across the trans-oceanic 
expanse of the Pacific plate. Not coincidentally, the downgoing slab assumes a steep 
angle, and is in places overridden or overturned. At the east or Andean margin, on the 
contrary, we are dealing with the weak, counter-tidal east limb of the East Pacific Rise. 
This bucks tidal vorticity induction, and is rapidly being supplanted (Bosrrom, 1978a) 
by the west, co-tidal limb of the mid-Atlantic spreading center. The slope of the Benioff 
zone is less, the volume of material foundering is less, the continental plate is overriding 
the oceanic for buoyancy reasons, and no marginal basins are present. 

It is possible to account for these phenomena simultaneously if we allow tidal 
vorticity induction across the expanse of thick asthenosphere underlying the Pacific 
basin. By now the west limb of the East Pacific Rise is grossly extended relative to the 
east limb; and the larger the west limb becomes, the greater the induction. An increasing 
volume of material is being carried to the terminus of the west limb, the east flank of the 
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Asian continent. The accumulation of material at the west Pacific margin, marked by 
the string of geoidal highs (Fig. 1), is subject to intense negative buoyancy, and founders. 
Mineral phases in equilibrium under shallow conditions cannot be in equilibrium at depth. 
Their transition and the role of entrained volatiles is the subject of active petrologic research 
(FEDORCHENKO and Piskunov, 1978; YopER, 1978; WyLLiE, 1978). Necessarily a 
fraction of the material separates upward. Material is added to the asthenosphere, result- 
ing in secondary sea floor spreading and the formation of the arc-bounded basins described 
by Karic e¢ al. (1973) and others. 

It is to be expected, and found to be the case, that at the terminus of the weak, counter- 
tidal east limb of the East Pacific Rise, basin formation will itself be weak. Basins, if they 
form, will be overridden and incorporated (Datz1EeL, 1978) in the advancing west edge of 
the west limb of the Atlantic spreading center, namely the Andean margin of South Amer- 
ica. 

Basin formation and tectonic activity is latitude-dependent, as is to be expected under 
tidal vorticity induction. The tropical west Pacific margin is the site of the greatest 
geoidal high on the planet, and accounts for more than 80% of seismicity, deep, interme- 
diate and shallow. Deep seismicity (h>300 km) decreases with latitude (Bostrom, 1973) 
and disappears altogether towards the poles. The fragmentation of the east Asian margin 
and the increasing ‘‘oceanicity’’ of the marginal basins is likewise latitude-dependent. 
The floor of the Sea of Okhotsk in the north is thought largely to consist of altered and 
foundering continental material (KRoporxKin, 1978; YansHin, 1978). ‘The oldest rocks 
in Japan formed when Japan was attached to the Asian mainland, the Sea of Japan having 
developed and widened since. Since Oligocene times the tectonics of Japan has changed 
as indicated by the development of the Fossa Magna, as a result of the alteration in the 
subduction regime and the opening of the Philippine Sea to the south. This coincided 
with the destruction in the northern hemisphere (Bostrom, 1978 a,b) of the east limb of the 
East Pacific Rise, now overridden by the Californias. Co-tidal vorticity now characterizes 
the upper mantle continuously without a break from the middle of the Atlantic, across 
North America and the entire width of the Pacific, to the shores of Japan. 

The Pacific plate is at its widest at the Equator, at this latitude extending furthest 
east and furthest west. The structure of the intensely active Indonesian region has already 
been attributed (KRoporkKin and SHakvarstova, 1965; Kroporxin, 1978) to the frag- 
mentation of the southeast portion of the Asian continent. With increasing latitude 
southward, seismic activity and subduction gradually decrease. Deep seismicity, asso- 
ciated with the entry of material into the deep mantle, ceases at the latitude of New 
Zealand. 

The latitude dependence of the spreading at the crest of the East Pacific Rise, the 
symmetry of the Pacific basin about the Equator, and its east-west asymmetry, are shown 
in Fig. 8. 


7. Historical Development of the Circulation 


It seems at first curious, if the circulation is marshalled by tidal bulge passage, that 
mantle circulation is not ubiquitously co-tidal, and has not been thus patterned since 
convection commenced. The reason may lie in the re-setting of the circulation pattern 
by a supercessive force. 

It has been postulated elsewhere (Bostrom, 1978b) that the circulation in the mantle 
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Fig. 8. Pacific plate, representing surface of the west limb of the East Pacific Rise (EPR; 
Pleistocene at crest, black). The east-west spreading rate, indicated by distance to 
Paleocene/Eocene boundary (stippled), is symmetrical about Equator. The spread- 
ing maximum coincides with the Equatorial maximum in vorticity induction. The 
grossly extended west limb of the EPR forms most of the Pacific basin. The counter- 
tidal east limb is being replaced by the extending west limb of the mid-Atlantic 
spreading center (MAR) bearing the Americas plates. The sense of the transforms 
reverses at the Equator, to predominantly sinistral in the south hemisphere. De- 
parture from north-south symmetry is mainly due to the excess of continental 
lithosphere in the north hemisphere; the North America plate has overridden the 
crest of the EPR. The convergence of N America and Siberia has caused the deve- 
lopment of the Bering Sea marginal basin. We attribute the development of the 
basins flanking the west Pacific margin (hatched) to convergence between the co-tidal 
west limb of the EPR and the less mobile continental material of Australasia and 
eastern Asia. As a result of differentiation material is added to the asthenosphere, 
causing the disruption of the continental margin, sea floor spreading, and the 
formation of back-arc basins. At the east Pacific margin, on the contrary, the west 
limb of the Atlantic spreading center is overriding and extinguishing the east limb 
of the EPR. Data: Herzen and Fornart (1976). Scale identical at all latitudes, 1: 
NOD Se leas 


is determined by the interplay of two factors. The first is the marshalling effect of tidal 
bulge passage on buoyancy convection. ‘The second factor stems from the fact that in 
a convective Earth, Goldreich-Toomre wandering of the Earth about the space-fixed pole 
of rotation (GoLtpREIcH and Toomre, 1969) is inevitable. The manner in which the 
bulge of rotation migrates is by adjustment of the sea-floor spreading pattern so as to effect 
the necessary mass transfer (SILLING, 1978). 

We therefore suppose that tidal ordering of the convection becomes dominant during 
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periods such as the post-Paleozoic period of minimal pole wander. The present cycle in 
the Pacific hemisphere was initiated in the early Mesozoic. The pattern inherited at 
that time was the result of the period of pole wander occurring during the Paleozoic, 
extending into the Mesozoic. Thus the post-Paleozoic geological record in the Pacific 
basin and rim (see for instance Larson and Cuase, 1972; Bosrrom, 1977; Suzuki et al., 
1978) describes gradual marshalling of the flow pattern in the mantle, culminating in the 
highly ordered present pattern and concentration of activity at the west margin. World- 
wide, hot-spot traces unequivocally describe the present predominance of westward litho- 
sphere motion in low latitudes (Bostrom, 1978b). 


8. Conclusions 


The Pacific plate is the cool, rigid surface of mantle convection surfacing in the 
eastern Pacific, and foundering at the west Pacific margin. The convection represents 
vorticity (rotational flow) induced jointly by thermal buoyancy and the passage of the 
Mz tidal bulge. Thermal convection, which would by itself produce small random flow 
cells, is marshalled by the highly coherent bulge stress. 

The west limb of the East Pacific Rise, representing co-tidal vorticity, now extends 
clear across the Pacific basin. The counter-tidal east limb, underlying the Nazca, Cocos 
and small Juan de Fuca plates, is being replaced by the extending west limb of the Atlantic 
spreading center, fronted by the Andean orogenic belt. 


8.1 Marginal basins 

Material accumulates at the west margin of the Pacific as a result of the convergence 
between the co-tidal, active west limb of the EPR and less mobile material which forms 
the east margin of Asia. The accumulation is marked by an unbroken line of gravity 
highs, coincident with deep seismicity. Deep-seated differentiation results in the addition 
of material to the asthenosphere. ‘This causes the disruption of the continental margin, 
localized sea floor spreading, and the formation of arc-bounded basins. 

At the east Pacific margin this mechanism is not operative, because the co-tidal west 
limb of the Atlantic spreading axis (bearing the Americas plates) is overriding and ex- 
tinguishing the counter-tidal east limb of the EPR. 


8.2 Stress, strain, and energy flux 

The stress driving the convection is supplied by thermal buoyancy and the con- 
tinuously rotating bulge stress axes. The elemental shear stresses contributed by each 
of these agencies are minute. However in large flow cells the buoyancy stress is coopera- 
tive and additive vertically through great thicknesses of the mantle, resulting in regional 
stresses of the order 108 dyn/cm2, and the stress concentrations at plate edges observed in 
seismicity. Analogously, the bulge stress is additive horizontally across the width of 
plates; the larger the plate, the larger the induced stress. Across the Pacific plate the 
bulge stress sums to values greater than the buoyancy stress. 

The resulting strain and flow in the mantle is enhanced by the grossly non-linear 
relation between stress and strain. The latter includes processes of fracture, fractionation 
and compression. Thus in a subduction region such as the west Pacific margin, con- 
tinuously-renewed volumes of material exist in an over-pressured state through downflow. 
The tidal pressure increment, larger than that in downflow, must effect the transition to 
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dense phases, modulating the convection. In mantle continuously pre-stressed to the 
point of failure in shear or volume, the tide-effective viscosity thus is small. 

The geologic phenomena suggest that thermal buoyancy and the rotating bulge 
stress contribute about equally to the convection. The energy flux required in toto is 
about 10?’ erg/year (mean viscosity 1022P; mean plate motion, 3cm/year). Of this 
the phase lag in the diurnal bodily tides suggests that about 5 x 1026 erg/year is contributed 
by tidal dissipation. This value accords with the dissipation required to explain the lunar 
acceleration, but not found in the seas. Based on this reasoning, sea floor spreading is 
passive, the response to forced convection rate-limited by the rate at which buoyancy is 
created. 


6.3 Data status 

The magnitude and phase of the bodily tides (Table 1) varies greatly from one region 
to another. Besides revealing the large dissipation, the variation has revealed the in- 
adequacy of our station coverage. It would be of value from the geotectonic point of 
view to extend the observations initiated by DucARME and Me.cuior (1977) to a much 
larger number of stations. To do so, it is necessary to use instruments (gravity meters) 
calibrated as to their individual phase delay through side by side running at a base station 
(Ducarme, 1975). It would also be worth using the technique used by Kien (1976) in 
the east Pacific to identify correlations between tide stress and seismicity at the west 
Pacific margin. Into the bargain, such correlations might eventually prove valuable in 
forecasting periods of enhanced seismicity. 


Note Added in Press: Tidal Dissipation in the Seas and Solid Earth 


The recent important paper by LamBeck (K. Lampeck, Phil. Trans. Roy. Soc. Lond., 
A, 287, 545-594, 1977) reviews data as to the energy expenditure in tidal action. The 
conclusion is reported, in the abstract, that “dissipation occurs almost exclusively in the 
oceans and neither the solid Earth nor the Moon are important energy sinks.” 

This is based upon finding that an estimate of work done on the oceans by body 
forces and the heaving sea floor matches the dissipation required to account for the ac- 
celeration of the Earth and Moon. ‘The work done on the world ocean is represented as: 


W>=bu(1+h2)\ <Uindé [dt>as term | 
+ oa <EdU n|dt>dS Q 
+0.) <Ps-[uDy)>d8, 3 


in which: p, and p are the density of water and sea floor; h and k are the elastic Love 
numbers; U is the potential of the direct tide raising potential; € is the geocentric sea- 
surface tide; u is the horizontal velocity of tidal currents; D is the ocean depth; y is the 
total tidal potential; and integration is over the ocean-covered part of the Earth. 

In evaluating </>, term 3 is discarded on the assumption that the boundary of the 
region of integration is impermeable. Dissipation in the solid Earth also is precluded, 
through the use of the elastic Love numbers. 

These assumptions make it possible to reach a solution solely on the record of coastal 
marine tide gauges. However, ipso facto they preclude our reaching conclusions as to the 
site of dissipation. The equation contains no dissipation terms. Dissipation is assumed 
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to take place somewhere, but the phase of the ocean tides upon which the computation is 
based may be attributed to dissipation in the waters, in the solid Earth, or in both. 

In point of fact investigations extending over many decades, cited by Lambeck, have 
failed to find dissipation in the seas capable of explaining the observed phase of Mp2. 
Observations not cited, such as those by DucaRME and Metcutor (1977) of the phase lag 
in bodily 01, suggest that a large part of the dissipation takes place in the solid Earth. 
They require, furthermore, that dissipation also occurs in the sub-continental third of the 
Earth, arbitrarily excluded in the equation by the range S of the integration. 

External observations such as those of the flight of satellites, alone or in conjunction 
with coastal tide gauge records, cannot distinguish whether the phase of the marine tides 
is determined by dissipation in the seas or subjacent sea floor (asthenosphere). 

The estimate of the work </> done on the oceans arrived at as shown tallies with 
the observed acceleration of the Moon. However estimates arrived at on the basis of 
equally unrealistic assumptions, such as that the Earth is rigid (PEKERIs and Accap, 1969), 
also tally. 

The unwelcome fact remains that computations, no matter how intricate, based upon 
the assumption that dissipation in the Earth is nil cannot measure the dissipation in the 
solid Earth. Regretfully, therefore, we find it not possible to concur with the conclusion 
cited at the head of this note. 
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The Eastern Outer Islands form a group of small islands situated in the south-west 
Pacific Ocean, to the south-east of the main Solomon Islands chain, and to the north of the 
New Hebrides chain. 

They are founded upon the northern part of the submarine Fiji Plateau and flanked by 
deep sea trenches on the western, northern and eastern sides, but by an east-west trending 
fracture zone on the southern side. Two south-easterly trending island chains can be re- 
cognized, the western chain includes the islands of Tinakula, Nend6, Vanikolo and Utupua, 
and the eastern chain includes the islands of the Duff Group, Anuta and Fatutaka. The 
island of Tikopia is situated midway between both chains. The Torres and Vitiaz Trenches 
form the western and eastern flanks respectively of the north Fiji Plateau, which is itself 
bordered to the west and east respectively by the Indo-Australian and Pacific lithospheric 
plates. A westerly extension of the Vitiaz Trench, known as the Cape Johnson Trough, 
forms the northern boundary. The south side of the region is delimited by the Hazel Holme 
Fracture Zone. 

Volcanic rocks within the group range from picrite basalts, through basalts and ande- 
sites, to dacites. Mafic lavas predominate in the older islands of the western chain, two 
islands of the eastern chain and in samples dredged from the Vitiaz Trench. More sialic 
lavas are exposed in two islands of the eastern chain, the isolated island of Tikopia and also 
in the active volcanic island of Tinakula. 

Petrologic, petrochemical, seismic and heat flow evidence suggests that the Eastern 
Outer Islands represent two, discrete south-easterly trending island arcs, each associated 
with the adjacent trench. The sequence of volcanic episodes can be best explained in terms 
of plate tectonics, in which the islands of the western chain were produced during two epi- 
sodes of volcanic activity associated with an easterly inclined Torres subduction zone. Late 
Oligocene to early Miocene subduction produced the island of Nendo, but the islands of 
Utupua, Vanikolo and Tinakula were produced during the late Pliocene to Recent. ‘The 
westerly-dipping Vitiaz subduction zone is postulated as a source from which the east facing 
Duffs-Anuta-Fatutaka island arc was produced during the Middle Miocene to late Pliocene. 


1. Introduction and Geological Setting 

The Solomon Islands form part of a discontinuous chain of islands which extend 
south-eastwards from New Guinea to Tonga, in the south-west Pacific Ocean. 

The Eastern Outer Islands comprise a group of small, scattered islands which are 
situated approximately 450 km east of the main Solomon Islands chain, and approximately 
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130 km north of the New Hebrides. They were mapped geologically between 1968 and 
1973 by the Geological Division of the Ministry of Natural Resources (then Geological 
Survey). 

Tinakula, Nendé, Utupua and Vanikolo islands form a well-defined south-east 
trending chain in the west of the Group (Fig. 1). To the north-east of Nendo lie the 
Reef Islands. The Duff Islands, Anuta and Fatutaka form a poorly defined south-east 
trending chain in the east of the Group, and the isolated island of Tikopia is situated 
midway between both island chains. Volcanic cones are well preserved on the islands of 
Vanikolo, Utupua and Tikopia, as well as on the active volcano of Tinakula. 

Eight of the nine islands and island groups are volcanogenic and range in age from 
late Oligocene to Recent; the Reef Islands have a biogenic origin, but are considered to 
have a volcanogenic base. Tinakula is the only active volcanic island in the Group 
while Nendo is the only island in the Group which is composed of both volcanic and 
sedimentary rocks. 


2. Summary of the Geology 


Nendé island contains a late Oligocene to early Miocene volcanic pile which was 
faulted and partly submerged during the Middle Miocene to late Pliocene. The lavas 
are commonly labradorite augite basalts with a variable porphyritic mode in which some 
horizons contain olivine phenocrysts and others, orthopyroxene. Radiometric dating on 
a sample from this basal lava succession gives an age of 26 my (Hucues ¢¢ al., in press). 

An episode of volcanism in the Middle Pliocene gave submarine lavas which lie upon 
a sequence of calcareous volcaniclastic sediments which contain planktonic foraminifera 
of Middle Pliocene age (Hucues, 1977). The lavas consist typically of zoned sodic 
bytownite and augite phenocrysts in a groundmass of andesine and augite microlites. 
Glass horizons are common within these lavas. 

Utupua lies 65 km south-east of Nend6, and consists of a cone with a low-lying central 
crater of an extinct volcano. ‘The rocks include inter-bedded ankaramitic porphyritic 
augite and olivine lavas with poorly porphyritic volcaniclastics, both of which have been 
intruded by dykes. The lava flows have red weathered upper surfaces which are indi- 
cative of subaerial deposition. 

Vanikolo is a highly dissected volcanic complex formed of four coalesced volcanoes 
and includes porphyritic olivine augite basaltic lavas, volcaniclastics, sheet intrusions and 
dykes. Pillowed lavas are exposed on the coast, and probably represent the distal por- 
tions of subaerially erupted lava which flowed into the sea. The preservation of the 
Utupuan and Vanikolo volcanic forms suggest a possible Plio-Pleistocene age. 

The Duff Islands are a chain of nine small islands situated about 145 km north-east of 
Nendé. The islands are formed of andesitic lavas, andesitic pyroclastic deposits and 
basaltic dykes. Agglomerates are common and grade into tuff beds, some of which are 
stratified. Most of the lava flows are massive but a few show pillowed structure. 

Unlike Utupua and Vanikolo, no volcanic cone is preserved which suggests that the 
islands probably represent the uplifted remnants of an older, shallow submarine volcano 
of possible early Pliocene age. 

Anuta is situated in the extreme eastern part of the Group. It is an eroded remnant 
of a once more extensive volcanic mass which remains as a shallow, submerged platform 
now around the island, and which resembles a flat-topped seamount in bathymetric pro- 
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file. The volcanic rocks include olivine and labradorite-phyric basaltic andesite lavas 
and lamprobolite-oligoclase, and augite oligoclase agglomerates. 

Fatutaka is situated 35 km south-east of Anuta, and remains as an even smaller sub- 
aerial remnant of a once larger volcano. It is composed of labradoritic olivine basaltic 
andesite lavas with some agglomerates. Radiometric datings on two samples by JEZEK 
et al. (1977) give a reliable age of 2.2 my and an uncertain age of 12.5 my. 

Tikopia is a small island definite Pleistocene age dated as 80,000 years B.P. by FRYER 
(1974). It is an extinct volcano, the central part of which has been enlarged by central 
collapse to form a pit crater whose south side has been breached. A slightly saline crater 
lake now occupies the centre of the island. The volcano is composite, with lava dominant 
over volcaniclastic material. The lavas are oligoclase augite andesites, but labradoritic 
olivine clasts dominate the agglomerates. 

Tinakula is the only active volcano in the Group, and commenced eruption at least 
as early as 1595 (Marxuam, 1904). The island has a subcircular outline, the slopes of 
which rise at an angle of 30° to the summit at 851 m. The composite cone consists of 
subaerial hypersthene andesitic lava and pyroclastic flows with olivine basalt clasts which 
have been intruded by labradoritic dolerite dykes. Fumerolic activity is continuous, but 
lava and pyroclastic flows are periodic. 

Samples have only been collected from the Vitiaz Trench, in the east by FRYER (1974). 
These lava samples were dredged from the south-west wall, and all four samples show 
evidence of low grade metamorphism. 

To summarise, five stages of volcanism can be recognized: 

1) The earliest evidence of volcanism in the Group is that provided by the Oligocene 
lavas of Nendo. 

2) A second stage is shown by Middle Miocene to early Pliocene lavas on Anuta 
and Fatutaka in the east of the Group. 

3) Middle Pliocene volcanism represents the third stage, in which the Anuta- 
Fatutaka volcanism extended north-westerly to form the Duff Islands. Volcanism recom- 
menced in the west by this time, as evidenced by the alkali basalt lavas on Nendo. 

4) During the late Pliocene to Pleistocene, volcanism in the east ceased, with the 
late Fatutaka lavas dated at 2.2 my. Utupua and Vanikolo were produced in the west by 
a fourth stage of volcanism, which includes Tikopia at 80,000 years, in the central part of 
the area. 

5) The final volcanic stage is that of the present day, in which Tinakula became, 
and still is, active. 

The Eastern Outer Islands are situated upon a north-west extension of the submarine 
Fiji Plateau which lies beneath an average water depth of 3,600 m (MAmMERICKx ¢¢ al., 
1971) (Fig. 2). This is bounded on the west side by the New Hebrides or Torres Trench, 
situated 95 km off the west coasts of Nendé6, Utupua and Vanikolo. The trench is a 
narrow, elongate oceanic depression with a maximum depth of 6,955 m, and extends 
discontinuously southwards to the New Hebrides. 

The north eastern limit of the area is marked by the south-east trending Vitiaz Trench, 
situated 270 km north east of Anuta, and with a maximum depth of 6,150m. To the 
north, the area is limited by a shallower westerly extension of the Vitiaz Trench known as 
the Cape Johnson Trough, while the southern limit to the area is the Hazel Holme Fracture 
Zone, which extends eastwards from Espiritu Santo in the northern New Hebrides. 

Individual islands in the group rise steeply from the floor of the Plateau and, with the 
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Fig. 3. Seismic reflection profiles and heat flow measurments (Luyendyk et al., 1974; MAcDonaLp, 
1973). 


exception of Tinakula and Nendé, are not inter-connected by any well-defined submarine 
ridges. The Duff Islands are situated upon the crest of a single submarine ridge. Seismic 
reflection profiles carried out by LuyENpDyk e¢ al. (1974) (Fig. 3) reveal a rugged submarine 
relief along the western chain, especially in the vicinity of the Torres Trench. 

The central part of the north Fiji Plateau (3rd profile) has a comparatively low 
relief, with sedimentary rocks disturbed only by minor faulting. ‘The rather lobate fea- 
tures to the east possibly represent tightly folded sedimentary rocks resulting from com- 
pressional forces associated with the Vitiaz Trench. 

This paper introduces the concept of two periodically active, converging subduction 
zones associated with the Torres and Vitiaz Trenches respectively, and combines pre- 
viously unpublished geological data with geophysical data already published. 

Rocks of basaltic composition have been analysed from all islands in the group, and 
include those rocks dredged from the Vitiaz Trench by Fryer (1974). Andesitic rocks 


display a more selective distribution, however, are found only on Tinakula, the Duffs, 
Tikopia and Anuta. 


2.1 The basalts 
Tholeiitic, high alumina and alkali basalts are recognized by their silica-alkali- 
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Fig. 4. Kuno’s (1960) variation diagram for classification of the 
basaltic rocks from the Group. 


alumina content on Kuno’s (1960) variation diagram (Fig. 4). Two basaltic chemical 
compositions from the Duff Islands cannot be accommodated on Kuno’s variation diagram 
however, and include a picrite basalt which is too low in silica, and a dyke rock which is 
too low in alumina. 

Fourteen rocks fall into the field of tholeiitic basalt, ten of which come from the 
western island chain, the remaining four come from the Vitiaz ‘Trench. 

Nine rocks are here included within the alkali basalt type, and include six from the 
western chain and three from Tikopia. Whereas high alumina basalts are found exclu- 
sively in the Duffs, Anuta and Fatutaka samples, they are found with other basalt types on 
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Nend6 and Vanikolo. All four basalt samples from Anuta and Fatutaka are notably 
high in alumina and exceed 19.20% AlsOs. 


2.2 The andesites 

Andesites have not been found on Nendo, Utupua, nor Vanikolo, but have been 
found among rocks from the other islands. They are grouped as low-silica and high- 
silica andesites and dacites, following Dickinson (1968) 

Low-silica andesites contain between 55 and 60% silica, and include one from Tinakula 
and two from the Duff Islands. 

Aiigh-silica andesites contain between 60 and 65% silica and include one from Tinakula, 
two from Tikopia and one from Anuta. 

Dacitic rocks contain more than 65% silica, and include two from the Duff Islands, 
one from Tikopia and one from Anuta. 

The distribution of analysed basaltic, andesitic and dacitic rock types in each island 
(Fig. 5) suggests a broad double trend in which predominantly tholeiitic basalts are found 
in the western chain of islands and also in the samples collected from the Vitiaz Trench. 
In the eastern chain and Tikopia, however, high alumina and alkali basalts are common, 
together with andesites and dacites. This pattern favours a situation in which both the 
Torres and Vitiaz subduction zones have contributed magmas at increasing stages of 
differentiation. 

Figure 6 shows the relative variations in the range of weight per cent silica and average 
total iron in all analysed rocks, together with highest potash values in andesites. Islands 
of the western chain with the exception of Tinakula, together with Fatutaka and Vitiaz 
Trench samples show lowest silica range but highest total iron values. These proportions 
are reversed in the Duffs, Anuta, Tikopia and Tinakula, where highest silica range and 
lowest total iron values are found. Potash in the andesitic rocks displays higher values 
from the Duffs and Tikopia. 

The overall pattern is one in which less mafic rocks are found in Tikopia in the central 
part of the region, and in the Duffs, both of which are situated almost mid-way between 
both trenches. 

Three natural clusters are apparent on the AFM diagram (Fig. 7). One cluster 
indicates a trend towards magnesia enrichment, and includes samples from Nendé, Utupua 
and Vanikolo from the western chain with Anuta, Fatutaka and the Vitiaz Trench from 
the eastern chain. 

The second cluster is a continuation of the first and shows a trend towards high alkali 
enrichment. Samples from Tikopia, the Duffs and Anuta are included within this suite. 

Samples from Tinakula alone form the third cluster which shows a trend towards iron 
enrichment. 

The most significant feature evident in the AFM diagram is that samples from the 
western chain, with the exception of Tinakula, plot within the same cluster as a number of 
samples from the eastern chain, and this coincidence is considered to suggest a similar 
petrogenesis. The trend towards alkali enrichment in some of the Duff Island, Anuta 
and Tikopia samples probably represents differentiation of the parent magma along the 
Vitiaz subduction zone. 

The Tinakula samples exhibit a trend which originates in a parent magma which is 
common to most other islands in the Group, but which has become enriched in iron. 
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Fig. 7. AFM diagram illustrating calculated positions of all available analyses from islands in the 
E.O.1. Group. 


Iron enrichment of rocks close to the Trench is attributed to early crystallization of olivine 
rather than magnetite (OsBorN, 1962). 

Seismic data (Fig. 8) from the Eastern Outer Islands region clearly illustrate an 
increase in epicentre depth in relation to lateral distance north-eastwards away from the 
Torres Trench. ‘This inclined plane of seismicity is considered to represent the inclined 
zone along which the oceanic floor lying south-west of Santa Cruz is being currently 
subducted in a north-easterly direction. 

There are limited seismic data for the central part of the area except for a few deep 
epicentres situated south of Tikopia, and considered by Kroenke (personal communica- 
tion) to represent a detached fragment of lithospheric material. 

There is little seismic activity in the vicinity of the Vitiaz Trench, and available data 
indicate only one shallow epicentre in 1971 situated approximately 200 km north of Anuta. 
This evidence suggests that the Vitiaz Trench is a fossil trench associated with a subduction 
zone which recently became inactive. 

Seismic velocities are high and LuyENpyK et al. (1974) suggest that the north Fiji 
Plateau consists of old oceanic lithosphere. 


The Relationship between Volcanic Island Genesis and the Indo-Australian Pacific 135 


EXPLANATION :- 


Shallow (+ Superficial ) 


- -70-300Kms.. . .Intermediate 


OsTinakula 
eee? e e 
ee e 
Se oo o 
0 
; e SANTA CRUZ ISLANDS 
Nendo O10 > 
° oP ge 0% ° ° 
SHEL CO 3 e Oo 0° @ 
oo Pf ce ¢ 
Oreos ce A 
0,8 do pe er ee 
ole SOO ° . S) utupua 
ce 20 © ~e® 6 i. 
oo Mo eo ° 
) 
© % S oe ony TS Vanioto * Anuta 
° e ° 
° oe @ °e,° ° 
° Onn OS, oe 
S e e Vv Fatutaka | 
. ae ° 12° 
° o ee e@ oe vw’ 
oo ° e,e Vv 
° e ee 
oo °° ha 2 of e BRO AG OTikopia 
o° Ome ee $ eV 
oe Oo °ds e Vv ° ° 
° Coe? © s eee eS 
° °0 0 % e Vv 
° ° e e Vv 
o 0 Yviv’” 
e 
TORRES GROUP,” 9 v wv v 
Orne 4° of 
e 2 eV 
° e 
lpn a Ge «) BANKS GROUP 
oe e@o 
° - oN, D w Vv 
0°20 @ @6@ e 
Deore ts . 
° ou a oe e? 
One ONC Ore) © e 
O166°E 2 0° °o e 68° °4 
4°s. ae z. e 8 3 170° 14) 


Fig. 8. Seismic data for the Eastern Outer Islands (D. Tuni, Seismological Division, Ministry of 
Natural Resovrces, Honiara, Solomon Islands). 


Heat flow measurements north of the Hazel Holme Fracture Zone are generally lower 
than those to the south (MacDowna tp, 1973) (Fig. 3). 

The low heat within the Torres Trench is probably the result of depression of the 
isotherms by the downgoing slab of lithosphere combined with rapid sedimentation. ‘The 
higher measurements from stations between Vanikolo and Tikopia are attributed to sub- 
duction beneath and behind the island arc. ‘The low heat flow near Anuta agrees with 
the trend of decreasing heat flow with further distance away from the active Nendo- 
Vanikolo arc, but there is no evidence to suggest that subduction is currently taking place 
beneath and behind the Anuta-Fatutaka arc. 

Magnetic trends are northerly, south of the fracture zone, but almost east-west in the 
north, as would be expected if the northern area was originally part of the Pacific Plate, 
and thus have an extrapolated late Cretaceous age. 
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Fig. 9. Diagrams to illustrate a model depicting stages in the geolog- 
ical evolution of the E.O.1I. Group. 


3. Summary of Volcanic Stages 

The five stages of volcanism described earlier can now be explained in terms of the 
petrochemical and geophysical evidence (Fig. 9). 

Stage I. The Oligocene to Lower Miocene tholeiitic basalts of Nendé provide the 
earliest evidence of volcanism within the group and have been radiometrically dated as 
25 my old. This volcanic episode is linked to subduction of the Indo-Australian Plate 
beneath the western Pacific Plate, associated with the Torres Trench. GrrENBAuM et al. 
(1975) have also described Oligocene to early Miocene volcanics from the Torres group 
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and Carney and MacFar.ane (in press) also suggest that easterly subduction at this 
time produced the western volcanic belt of the New Hebrides. 

Stage 2. The Middle Miocene saw a new period of volcanism, which was situated in 
the eastern part, as evidenced by the 12.5 my old lavas on Fatutaka. This stage is 
attributed to the initiation of a new, westerly dipping subduction zone associated with 
the Vitiaz Trench, and which caused a simultaneous decline in Torres subductive activity. 
This caused part of the western Pacific Plate to be detached, and so form the north Fiji 
Plateau or Torres-Vitiaz subplate. Both Anuta and Fatutaka are considered to have 
been produced at this time, but unlike Nendé, tholeiitic lavas were not produced, and 
the presence of high alumina basalts and basaltic andesites is attributed to deeper melting 
(GREEN and Rincwoop, 1968) or possibly more prolonged fractionation down a shallower 
subduction zone than that associated with the Torres Trench. 

Stage 3. In the Middle Pliocene, evidence that the Torres subduction zone became 
active again is provided by the alkali basalt flows on Nendé which lie within sedimentary 
rocks which contain planktonic foraminifera of Middle Pliocene age. The Vitiaz subduc- 
tion zone was still active, and probably produced the Duff Island high alumina basalt, 
with high silica andesite and dacite volcanism at this time. 

Stage 4. This stage ranges from the late Pliocene to Pleistocene, in which the final 
stage of volcanism in the east is dated at 2.2 my on Fatutaka lavas. The reduction in 
Vitiaz subduction was compensated by strong volcanism, and renewed subduction, asso- 
ciated with the Torres Trench in the west. The basaltic volcanoes of Utupua and Vanikolo 
were produced close to the Torres Trench. The alkali basalts, low- and high-silica 
andesites with dacites, on Tikopia, and dated at 80,000 years by FryvER (1974) are evidence 
for extreme differentiation of the parent magma beneath the central part of the area. 
Tikopia is situated midway between both trenches, but evidence for its association with 
Torres subduction is the coincidence of simultaneous volcanism with Utupua and Vanikolo, 
and suggests that the Torres subduction zone was probably involved in its genesis. 

Stage 5. This stage includes the present day, when volcanic activity is restricted to 
the island of Tinakula. Low- and high-silica andesitic lavas with tholeiitic and alkali 
basalt clasts are produced. ‘The active easterly dipping seismic zone associated with the 
Torres Trench provides little doubt that Tinakula magmas are derived from melting along 
the Torres subduction zone. The present attitude of the Torres seismic zone has been 
examined by West Woop (1970) whose results produce an angle of 60° for the seismic 
plane, which dips towards the north-east at N 70°E. 

The active volcanoes of the southern Banks Islands, described by Mauuicx and AsH 
(1975) are also considered to belong to this recent stage of volcanism. 


4. Conclusions 

1) Eastern Outer Islands are situated upon an interarc basin which is bordered by 
two recently active subduction zones. 

2) Transfer of subduction from an original easterly direction to a later westerly 
direction and a final return to a presently active easterly direction was probably caused by 
differential rates of seafloor spreading in both the Indo-Australian and Pacific Plates. 
Another possible cause for cessation of westerly subduction may have been the approach of 
an unusually thickened portion of oceanic crust, similar to that of the Ontong Java Plateau; 
this mass may have effectively blocked, or choked, the Vitiaz subduction process, 
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3) Petrologic and petrochemical variations can be explained in terms of two main 
trends, each of which is related to partial melting of a common parent magma associated 
with subduction beneath the western and eastern island arcs respectively. Both trends, 
of decreasing maficity of lavas converge towards the central part of the area. Differentia- 
tion of the magma within asthenospheric diapirs, rising from the subduction zone, is 
considered to be responsible for the variation of lava types within most islands. The 
petrochemical variations agree well with the model suggested by the bathymetric and 
geophysical data. 

4) Compressional stresses were also relieved by anticlockwise rotation of the Vitiaz 
arc, resulting in oblique subduction. This was eventually replaced by strike-slip faulting 
which sheared off the subducted plate. The Cape Johnson Trough probably represents 
a westerly extension of this shear zone. 

5) Geophysical evidence does not provide evidence for crustal spreading but rather 
that the Eastern Outer Islands are rooted in a detached segment of Pacific floor of possible 
late Cretaceous age, and which is considerably older than that to the south of the Hazel 
Holme Fracture Zone. 

6) The Torres and Vitiaz trenches are so far apart in the study area that the stages 
involved in the development of the Eastern Outer Island Group, combined with the 
model of two converging subduction zones, may possibly be used to reconcile models 
envisaged for both the main Solomons chain and also for the New Hebrides Group. 
Theories regarding the evolution of the Torres and Vitiaz island arcs have now therefore 
been combined to form a unified history for this part of the northern Fiji Plateau. 
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Upper mantle velocity structure in the New Hebrides island arc region has been 
determined to a depth of 240 km from the analysis of P and S wave travel times of 39 deep 
earthquakes using Karia’s (1969) analytical method. The present analysis reveals a 
linear increase of P wave velocity from 8.06 km/sec at a 40-km depth to 8.19 km/sec at a 
240-km depth with a gradient of only 0.06--0.01 km/sec per 100 km. For S waves also, the 
velocity increases linearly from 4.55 km/sec at a 40-km depth to 4.64 km/sec at a depth of 
220-km with a gradient of only 0.04+0.02 km/sec per 100 km. The velocity gradients for 
P and S waves, from 40 to 240 km depth in the upper mantle beneath the New Hebrides 
arc are found to be extremely small as compared to those at similar depths in the adjacent 
Tonga-Kermadec-New Zealand region. Consequantly, the P and S velocities, to a depth 
of 240 km, beneath the New Hebrides arc are found to be about 6% lower, on the average, 
than those in the Tonga-Kermadec-New Zealand region. ‘This velocity difference is 
attributed primarily to very high upper mantle temperatures in the New Hebrides region 
which may be about 1,000°C higher than those in the Tonga-Kermadec-New Zealand 
region. An alternative explanation based on existence of high temperatures in this region 
is also presented which explains deep seismic activity at 600 km depth in the New Hebrides 
region without invoking the concept of a detached lithospheric slab proposed by some of 
the earlier workers. 


1. Introduction 


The New Hebrides island arc region in the southwest Pacific forms a belt of great 
seismic activity to intermediate depths extending from 10°S, 166°E to 24°S, 172°E and 
a belt of active volcanism is also associated with it. The intermediate depth earthquakes 
in this region occur along the northeasternly dipping New Hebrides seismic zone which 
appears as a plane dipping at about 30° at shallow depths and about 70° at intermediate 
depths (Pascat et al., 1973). There is a remarkable gap in seismic activity between depths 
of about 300-600 km in this region. Deep focus earthquakes with depths greater than 
600 km are concentrated mainly in a region northeast of the New Hebrides arc although 
a very few deep earthquakes have also occurred in the southern part of the New Hebrides 
arc. However, the deep earthquake activity in this region is very limited. BARAZANGI 
et al. (1973) studied the seismic wave propagation beneath the New Hebrides island arc 
and interpreted the gap in seismic activity between deep and intermediate depth earth- 
quakes at the northern part of the arc as corresponding to a gap in the lithospheric slab 
descending beneath the arc. They interpreted the deep earthquakes occurring in the 
northeastern region of the arc as representing a detached piece of lithosphere. PascaL 
et al. (1973) found that the observed travel time residuals along the New Hebrides arc can 
be explained by P travel times computed for a velocity model which includes a 6% higher 
velocity relative to a normal mantle inside a dipping lithospheric slab 300 km deep, a 6% 
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higher velocity inside a detached slab at a depth of 600 km, and a 4% lower velocity in 
the wedge of the mantle above the inclined seismic zone. However, these are only the 
estimates of relative differences of the velocity structure in different parts of the upper 
mantle and the actual velocity structure as a function of depth, for P and S waves, is not 
well known in the New Hebrides island arc region. In the present study, we have deter- 
mined the upper mantle velocity structure to a depth of 240 km in the inclined seismic 
zone beneath the New Hebrides island arc region from the analysis of P and S wave travel 
times. The resulting velocity functions for P and S waves are compared with those deter- 
mined by Karta and Krisuna (1978) for the Tonga-Kermadec-New Zealand region and 
also with the velocity functions for various regions of the earth determined by other workers. 
The gross differences in the velocity structure between the New Hebrides island arc and 
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Fig. 1. Map of the southwest Pacific region showing the seismological observatories and epicenters 
of earthquakes in the New Hebrides region used in the present study. Epicenters of earthquakes 
used by Karna and Krisuna (1978) for determining the upper mantle velocity structure in the 
Tonga-Kermadec-New Zealand region are also shown. 
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Table 1. Earthquake epicentral data. 


Earth- Time Epicenter Bacal 

oueke Date (h (m) (s) Latitude Longitude depth 

a (deg) (deg) ea) 
l Mar. 4, 1964 se In Talim s 20.678 168.59E 36 
Nov. 20, 1961 Ibs 44) 21.0 21.81S  169.88E 36 
3 Oct. 21, 1964 10 08 46.7 14.108 166.70E 37 
4 Feb. 7, 1964 23) Io O28 19.248  168.70E 38 
5 Sept. 16, 1963 20 05 23.0 13.398  166.53E 40 
6 Nov. 3, 1964 Wwe O7hne 41.8 22.808  171.50E 41 
7 June 6, 1964 O2pq0 14 .*. 1.0 16.208  167.10E 41 
8 Jan. 27, 1964 05 06 59.7 13.048 166.60 41 
9 Sept. 6, 1960 14 03 ~~ 01.0 20.578 —-:169.35E 44 
10 Aug. 10, 1964 14 44 408 14.008  166.70E 44 
11 Feb. 18, 1964 OL Lgl 918.3 16.328 166.74 50 
12 Jan. 22, 1964 23 59 45.3 13.648 — 165.96E 50 
13 June 10, 1964 i 52 S10 17.168  168.10E 52 
14 Dec. 24, 1963 PRC 50 13.178 166.72E 53 
15 Nov. 6, 1961 05 28 26.0 13.388  166.14E 63 
16 Apr. 17, 1964 14 44-213 16.198 167.50E 66 
17 Dec. 28, 1961 23 55 54.0 12.388  166.16E 69 
18 June 22, 1964 03 «403~— 38.1 10.348 —- 161.11E 74 
19 Nov. 11, 1962 16 09 58.0 12.888  166.41E 75 
20 Aug. 22, 1961 08 59 32.0 13.498 166.46 79 
21 Aug. 9, 1964 05 30 47.5 10.278 — 161.30E 86 
22 Apr. 28, 1964 15) oi ease 2 12.445 — 166.01E 87 
23 Mar. 27, 1964 08 Ol 31.0 11.558 — 166.20E 96 
24 Nov. 21, 1964 06 19 16.0 14.858  167.24E 97 
25 July 2, 1962 08 32 42.0 10.588 165.99 98 
26 Apr. 3, 1964 19 08 165 15.0388  167.04E 99 
27 May 2, 1964 1Opeubaw a Do4 14.848  167.23E 102 
28 July 15, 1964 08 24 53.6 11.34S 166.24 103 
29 May 22, 1962 08 06 38.0 12.245 -166.66E 121 
30 Oct. 5, 1964 (30 (oe) e130 22.368 —-171.65E 130 
31 June 26, 1964 05 20 04.2 15.688  167.79E 135 
32 July 11, 1964 I'7oo 3203 WbGe7 15.54S —-167.68E 140 
33 Oct. 24, 1964 22 06 07.8 16.008 — 167.20E 141 
34 Oct. 21, 1961 17 34 = 34.0 10.918 166.19 164 
35 May 27, 1964 00 54 50.8 15.528 — 167.99E 166 
36 July 16, 1962 09 25 58.0 13.168  167.07E 204 
37 Dec. 5, 1961 13. 02 37.0 16.358 — 167.85E 205 
38 Apr. 19, 1962 22 15 124.0 15.925 167.92 223 
39 Sept. 1, 1962 04 52 14.0 15.818  168.11E 238 


the Tonga-Kermadec-New Zealand region are interpreted in terms of large lateral temper- 
ature variations prevailing even at great depths in the mantle beneath the two oppositely 
dipping seismic regions. Probable physical and thermal properties of the upper mantle 
in the New Hebrides region are discussed which provide an alternative explanation for 
the existance of deep seismic activity at 600 km depth that has been interpreted by some of 
the workers (BARAZANGI ef al., 1973; Pascat et al., 1973) as an evidence for a detached 
piece of lithospheric slab. 


2. Data Analysis and Results 


Thirty-nine shallow and intermediate depth earthquakes are selected in the seismic 
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region of the New Hebrides for determining the upper mantle velocity structure in the 
inclined seismic zone beneath this region. P and S wave travel times and epicentral 
distances (4) are taken from the bulletins of the International Seismological Summary 
(ISS) for the period 1960-1963 and from the bulletins of the International Seismological 
Center (ISC) for the year 1964. The epicenters of all the earthquakes in the New Hebrides 
region used in the present study along with the seismograph stations are shown in Fig. 1. 
The epicentral data for all the earthquakes is also given in Table 1. 

For obtaining the velocities at various depths in the seismic zone beneath New Heb- 
rides island arc, we have analysed the P and S wave travel times of all the earthquakes 
listed in Table 1 by making use of Karxa’s (1969) analytical method. ‘The epicentral 
distance limits 4; and 42, between which p(=07/04) is considered to remain stationary, 
are however not determined from the data for various earthquakes used in the present 
study. Instead, we have made use of the 4; and 42 curves plotted as functions of focal 
depth given by Kaira et al. (1971, Fig. 9 for P waves and 1974, Fig. 7 for S waves) for 
obtaining the 4; and 42 limits in each case, because in our opinion these estimates of 41 
and 4» for various focal depths are quite accurate within the error limits and that they do 
not affect significantly the final velocity estimates. The travel time data available between 
the two limits is fitted by a least squares line in each case which yields the apparent p(=0T/ 
04) and the a(=T—p4) values with their standard deviations. The least squares fits 
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Fig. 2. P wave travel time curve T versus 4 for 
earthquake with focal depth 223 km between the 
limits 4; and 4e of epicentral distance. Reduced 
travel time curve (T—fp4) versus 4 is also shown 
where p=07/04 at the inflection point. 
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Fig. 3. S wave travel time curve T versus 4 for 
earthquake with focal depth 223 km between the 
limits 4; and 42 of epicentral distance. Reduced 
travel time curve (7'—f4) versus 4 is also shown 
where p=07/04 at the inflection point. 


obtained for 7—4Z points between the 4; and 42 limits for one specimen earthquake with 
focal depth 223 km are shown in Figs. 2 and 3 for P and S waves respectively. In the 
same figures are also shown the plots (7—p4) versus 4. Using the apparent p values, the 
true velocities and their standard deviations are computed for each focal depth analysed. 
It may be mentioned here that the method of analysis adopted in the present study has the 
greatest advantage that we are able to determine the velocity for P and S waves at the 
hypocenter of each earthquake thus avoiding completely the effect of the travel path to 
different stations. Since all the earthquake hypocenters used in the present study are in 
the inclined seismic zone, the final velocity function resulting on the basis of all these 
velocity estimates will represent precisely the velocity structure in the inclined seismic 
zone beneath the New Hebrides island arc. ‘The final results obtained for the # values 
and velocities with their standard deviations are given in Table 2 for both P and S waves. 

The true velocities and the a values thus obtained at various depths are plotted as 
parts (a) and (b) respectively in Fig. 4 for P waves and in Fig. 5 for S waves. In these 
figures the velocity-depth and the a value-depth points are shown by circles and the 
truncated horizontal bars with them indicate the standard deviations of the plotted points. 
The velocity-depth points and the a value depth points, for both P and S waves, are fitted 
by straight lines using the method of least squares and are shown by thick lines in Figs. 
4and5. The broken lines bounding these straight line fits represent the 95°%, confidence 
limits of the slopes in each case. 

The velocity functions thus determined in the New Hebrides region reveal very small 
linear increase of velocity with depth for both P and S waves (Figs. 4a and 5a respectively). 
The velocity for P waves determined as 8.06 km/sec at a 40 km depth increases linearly to 
8.19 km/sec at a depth of 240 km with a mild velocity gradient of only 0.06 +0.01 km/sec 
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Table 2. P and S wave true velocities Vp and Vg respectively as functions of depth () for the New 


Hebrides region as determined in the present study. 
Z 


Earth- P waves S waves 
quake (apparent) Vp ap p(apparent) Vs ds 
No. ee (sec/deg) (km/sec) (sec) (sec/deg) (km/sec) (sec) 
36 =: 14.04-+40.51 7.91 +0.29 1.9+-1.8 — — — 
36 — — _ 25.03 +2.41 4.44+0.43 11.9+10.6 


37 = 13.45-40.44 8.25 +0.27 7.7+3.1 — — — 
38 13-73-0513 8.09 4-0.08 5.1+0.5 — — = 
13.88 +0.49 8.00 +0.28 GH 815 0b = == = 
41 14.06+0.37 7.89-+0.21 Ae 2. — — 
41 13.74+0:34 8.08-+0.20 4.6+2.0 25.7 71.3 4.31 +-0.23 — 
41 13.63-+0.49 8.14-+0.29 6.7+3.2 = = = 
44 14.05 +0.30 7.90 +0.17 3.61.7 — = 
10 44 — = — 23.41 +0.82 4.74+0.17 1557 =e 525 
11 50 13.77+0.42 8.05 +0.25 2.91.9 = — —_— 
We 50 =13.65-++0.46 8.12 -+0.28 Zl Weteta ys — — — 
1) 52135. 38=-0r4 8.28 +0.26 8.1+2.6 — — — 
14 53: 13.93 +0.30 7.95 420.17 4.122220 _— — — 
13) 63 — = = 24.35+1.02 4,040.19 15.5-£7.3 
16 66 13.29-+0.70 8.32 -+0.44 6.6+3.8 — — — 
17 69) 13.23E- 0516 8.35 +0.10 — _— — 
18 74  13.67+0.10 8.08 +-0.06 5.4+1.0 —_ a _- 
19 75 13.57 +0.35 8.13 +0.21 5.4+2.6 — — —- 
20 79 ~=13.31-0.49 8.29 --0.31 7,.6=63.9 -- — -- 
ZA 86 =-:14.10 0.26 7.82-+0.15 — — _ — 


OMNIAMSTHWON- 
eS 
= 


Wp 87 = = = 24.10+0.16 4.57 +0.03 11.6+1.2 
23 963-972-049 7.88 0.28 = —_ — —- 
24 97 — == = 23.34=¢ 1.29 4.71 +0.26 13.1+7.6 


25 98 13.70+0.58 8.03 -+0.34 9.32063 23.69+1.0 4.64-+-0.22 10.8+8.8 
26 99 14.13+0.18 7.78 +0.10 2.04=1.4 — — — 
27 102 == = = 23.39 +0.72 4.70+0.15 14.3+4.3 
28 103. 13.13 40.29 8.37 -+0.19 9.1+2.3 24.01 220.37 4.58-+-0.07 11.2+2.6 
29 121 13.28=20:49 8.25+0.31 7.9+4.0 — — —_— 
30 1307 13°31=20.63 8.22 +0.39 8.3+4.6 _ — - 
31 135e) 13\80220°61 7.92 +0.35 Ds 1=E3.6 — — -- 
32 140) 13572-2045 7.96 +-0.27 4 4=1-3.2 — —_ = 
33 1415) 3%532- 0.5 8.07 0.31 7.2+4.0 — _— — 
34 164 13.37-+0.03 8.14-++0.02 7.5+0.3 — — — 


35 166 = 13.46 +-0.08 8.08 +-0.05 6.7-+0.6 23.42 +0.95 4.64+0.19 17.37.4 
36 204 =—-:13.41 0.33 8.06 +-0.20 6.03-3.1 — — — 

37 205 = — = 23.78+1.45 4.55 +0.28 17.1+12.0 
38 223 13.15 +0.43 8.19+-0.28 8.9+3.6 23.50 +0.33 4.59 +0.07 18.0-+2.7 


39 238 =12.76+0.26 8.43 +0.18 12.4429 = = — 


per 100 km. On the other hand the S wave velocity from 40 to 220 km depth, increases 
linearly from 4.55 km/sec to 4.64 km/sec again with a very mild velocity gradient for S 
waves of only 0.04---0.02 km/sec per 100 km. 


3. Discussion 


Upper mantle velocity structure for P and S waves in the New Hebrides island arc 
region as determined in the present study and shown as parts (a) and (b) in Fig. 6 is 
compared with the upper mantle velocity structure in the Tonga-Kermadec-New Zealand 
region determined by Karta and KrisHNna (1978). Upper mantle velocity structure in 


Upper Mantle Velocity Structure in the New Hebrides Island Arc Region 


DEPTH (Km) 


VELOCITY (Km/Sec) Op( Sec) 
g2 7-6 80 84 88 


40 
80 
120 


120 


160 160 


DEPTH (Km ) 


200 


240 240 


280 280 


Fig. 4. (a) P wave velocity versus depth curve for the New 


Hebrides region. (b) ap(=T—p4), at the inflection point, 
versus depth as a calibration curve for earthquake focal 
depth determination from P wave data in the New Hebrides 
region. In both figures — are the least squares fits obtained 
for the plotted points shown by © and --- are the 95% 
confidence limits of their slopes. Truncated horizontal bars 
represent the standard deviations in the velocity and ap 
values. 
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Fig. 5. (a) S wave velocity versus depth curve for the New 


Hebrides region. (b) as(=T—p4), at the inflection point, 
versus depth as a calibration curve for earthquake focal 
depth determination from S wave data in the New Hebrides 
region. In both figures — are the least squares fits obtained 
for the plotted points shown by © and --- are the 95% 
confidence limits of their slopes. Truncated horizontal bars 
represent the standard deviations in the velocity and as 
values. 
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other regions of the earth due to Karra et al. (1971, 1974), JEFFREYS (1939), SIMPSON et al. 
(1974) for P waves and HELMBERGER and ENGEN (1974) for S waves are also included in 
these figures for comparison. The P and S velocities at the top of the mantle in the New 
Hebrides seismic region as determined in the present study are 8.06 and 4.55 km/sec 
respectively. SHor e al. (1971) from seismic refraction studies in the Melanesian Border- 
land along profile CD south of New Hebrides island and New Caledonia found P,, veloc- 
ities of 7.8 km/sec under the Fiji plateau, and 7.7 to 8.0 km/sec under the Norfolk ridge. 
Our P velocity value of 8.06 km/sec at 40 km depth in the New Hebrides region is quite 
consistent with these findings. 
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Fig. 6. (a) P wave and (b) S wave velocity functions in the New 
Hebrides island arc region as determined in the present study 
alongwith velocity models for other regions of the Earth. 


The most remarkable feature that can be noticed from Fig. 6 is the gross differences 
in the velocity structure between the two oppositely dipping inclined seismic zones, beneath 
the New Hebrides island arc and the Tonga-Kermadec-New Zealand regions. It can be 
seen from Fig. 6 that although P and S velocities at the top of the mantle in the New 
Hebrides region are comparable with the P and § velocities at the top of the mantle in the 
Tonga-Kermadec-New Zealand region, with increasing depth the velocity functions in 
the two regions show increasing divergence, the velocities in the Tonga-Kermadec-New 
Zealand region being substantially larger. At a depth of 240 km, the P velocity in the 
Tonga-Kermadec-New Zealand region is about 10° higher than that in the New Hebrides 
region at the same depth. Similarly, at a depth of 220 km, the S velocity in the Tonga- 
Kermadec-New Zealand region is also 6 to 7° higher than that in the New Hebrides 
region at a similar depth. We attribute this gross difference in the velocity structure 
between these two seismic regions of the southwest Pacific to large lateral temperature 
differences in the upper mantle extending to considerable depths. The velocities of both 
P and S waves are strongly affected by changes in pressure, temperature and chemical 
and mineralogical composition which may possibly extend to great depths. Inside the 
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earth both temperature and pressure increase with depth. The temperature gradient 
may be highly variable from place to place whereas the pressure gradient can be considered 
to be almost constant over various regions. The degree of compositional variation and 
its likely effect on the velocity structure in the two adjacent New Hebrides and the Tonga- 
Kermadec-New Zealand regions can be safely assumed to be negligible, the velocities in 
the uppermost mantle in the two regions being almost similar. Therefore the only pos- 
sible explanation that can satisfactorily account for the gross difference in the velocity 
structure in the two regions, in our opinion, is the temperature differences prevailing in 
the upper mantle. The measurements of high temperature and pressure derivatives of 
elastic constants for a number of compounds appropriate for geophysical considerations 
as reported by ANDERSON ef al. (1968) indicate that a temperature contrast of the order of 
1,000°C is needed to account for a 6% difference in the observed P velocities. Since, in 
the depth range from 40 to 240 km, the average P velocity difference between the New 
Hebrides and the Tonga-Kermadec-New Zealand regions is also about 6°, we therefore 
infer that there may be a temperature difference of about 1,000°C between these two 
regions in this depth range. At a depth of 240 km, the temperature contrast required 
may be even much larger between the two regions to produce the observed 10% P velocity 
contrast at the pressures prevailing at that depth. However, it is quite possible that this 
temperature excess in the New Hebrides region, may cause a partial melting which would 
also decrease the velocity. KANamori (1968) found that a 2% partial melting would 
cause about 1°% velocity decrease using the equation V=Vo(1—0.58c) given by HasHIn 
(1962), where V is the P velocity in a material having a liquid inclusion of concentration 
c and Vo is the velocity for c=0. ‘Thus some component of the velocity contrast between 
the two regions, the New Hebrides and the Tonga-Kermadec-New Zealand may be also 
attributable to partial melting in the New Hebrides region and consequently the temper- 
ature contrast between the two regions may be somewhat smaller. It is therefore these 
high temperatures in the New Hebrides region which are primarily controlling the velocity 
gradients and thus keeping the P velocities more or less constant to a depth of 240 km. 

Let us now investigate whether these large lateral temperature variations in the upper 
mantle between the New Hebrides and the Tonga-Kermadec-New Zealand regions will 
in any way correlate with the observed heat flow in the two regions. In Fig. 1, we have 
also shown the heat flow observations in the southwest Pacific region compiled by JEssop 
et al. (1976). We have, however, classified the heat flow values only into 3 ranges as 
shown in Fig. 1, instead of 5 ranges given by Jessop et al. (1976). It can be seen from 
Fig. 1 that the average observed heat flow value in the eastern north island of New Zealand 
and in the Tonga-Kermadec deep earthquake zone is much smaller than that in the New 
Hebrides seismic zone. Thus the distribution of the observed heat flow in the two regions 
is also quite consistent with our idea that the temperatures in the New Hebrides region 
are much larger than those in the Tonga-Kermadec-New Zealand region. These high 
temperatures in the New Hebrides region may also imply that the mantle material in this 
region down to at least 240 km is probably in a partially molten state and the chain of 
active volcanoes also nicely correlates with this idea (see Fig. 1). 

In Fig. 6 we have also shown the P and §S velocity functions for the southwest and 
central Japan regions determined by Kara ef al. (1971 and 1974). It is very interesting 
to note that the difference in the velocity structures between the southwest Japan and the 
central Japan regions is quite similar to that found by us between the New Hebrides and 
the Tonga-Kermadec-New Zealand regions. The velocity in the southwest Japan region 
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almost remains constant to the depth studied, about 255 km for P waves and about 170 km 
for S waves. On the other, hand, although the velocities at the top of the mantle in the 
southwest and central Japan regions are comparable, the velocities of both P and S waves 
in the central Japan region increase with high velocity gradients in this depth range. 
Thus the velocity functions in the southwest and central Japan regions also show increased 
divergence with increasing depths. In our opinion, these velocity anomalies are also 
caused by only large lateral temperature contrasts between the southwest and the central 
Japan regions. Kaira et al. (1971, 1974) interpreted the constant P and 8 velocities in 
the upper mantle beneath the southwest Japan region as due to relatively high volcanic 
activity and probable existence of large magma chamber extending to about 250 km 
depth beneath southwest Japan. 

If we compare the velocity structure in the New Hebrides and the southwest Japan 
regions we can find that although the velocities remain constant in both the regions, the 
velocities in the southwest Japan region are about 3% lower for P waves and about 4% 
lower for S waves than those in the New Hebrides region. This may imply that the tem- 
perature at the top of the mantle beneath the New Hebrides may be smaller than that in 
the southwest Japan region. However, the temperature gradients in the two regions may 
be comparable because the velocities remain almost constant upto about 240km. Of 
course, we cannot rule out the possibility that some component of the observed velocity 
anomaly between these two regions, the New Hebrides (in the southwest Pacific) and the 
southwest Japan may be also due to some compositional change, the two regions being so 
wide apart. However, the compositional change, even if it exists to some extent in the 
uppermost mantle immediately below Moho, may not be able to account for the observed 
velocity anomaly at large depth, which can be only explained by temperature differences 
between the two regions. 

JEFFREYS (1939) velocity curves for both P and S waves are also shown in Fig. 6. The 
P velocities in the New Hebrides region to a depth of about 160 km are found to be com- 
paratively higher and they are somewhat lower between 160 to 240 km than those given 
by Jerrreys (1939). On the other hand, the S velocities are also relatively higher in the 
New Hebrides region than those given by JEFFREYs (1939) throughout the depth range of 
220 km studied. The P velocity model SMAK I for northeastern Australia given by 
Simpson et al. (1974) also reveals very small velocity gradient comparable with the P 
velocity gradient for the New Hebrides region determined in the present study. It may 
be mentioned here, that the source region involved in deriving the SMAK I model is New 
Guinea, New Britain and Solomon islands region which is also an active volcanic region 
and a region of high heat flow (see Fig. 1) as the New Hebrides region. These observa- 
tions again substantiate our idea that the temperatures may be considerably higher in 
these regions therefore the velocity gradients in both the regions are very small. In fact 
the mantle material in the entire region, beneath the New Hebrides, Solomon islands, 
New Britain and the New Guinea regions may be in a partially molten state as evidenced 
by intense volcanism and high observed heat flow in these regions. Therefore, the velocity 
gradients in these regions are extremely small. However, since some correction to remove 
the source effect to some extent, is applied by Smpson et al. (1974) the SMAK I model 
is therefore revealing somewhat higher velocities than our P velocity curve for the New 
Hebrides region in the depth range from 90 to 240 km. Brooks (1962) determined P 
velocities to a depth of 500 km in the New Guinea-Solomon Islands region from the anal- 
ysis of travel times using GuTENBERG’s (1953) graphical method, and presented evidence 
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for the existence of a low velocity zone in the region. According to him, the minimum 
velocity reached may be as low as 7.6 km/sec at a depth of about 150 km and the decrease 
in velocity in that region is much more pronounced than reported by other workers and 
that shadow zones for the arrival of direct P waves exist in the area. The S velocity 
model SHR 14, given by HetmpBercer and ENGEN (1974), applicable for the western 
United States has a low velocity layer between depths of 80 to 100 km and it reveals 
somewhat lower velocities than our S velocity curve for the New Hebrides region. 

Dusors et al. (1973) from the study of P and S times from shallow earthquakes between 
the New Hebrides and Fiji found that in the centre of the Fiji plateau the velocities for P 
and S waves in the uppermost mantle are 7.70 and 4.30 km/sec respectively. They have 
also found that along the seismically active margins of the plateau P velocities are only 
7.30-7.40 km/sec. According to Dusors et al. (1973) the zone of low velocity beneath 
the Fiji plateau has its boundaries which seem to coincide with a high seismic wave at- 
tenuation zone that exists in the uppermost mantle between the Fiji and the New Hebrides 
islands. Barazanci et al. (1974) studied P and S seismic waves produced by hundreds of 
earthquakes located along the New Hebrides, Fiji plateau, Solomon, New Britain and 
New Guinea seismic zones and recorded at stations in Fiji, New Hebrides and New Cal- 
edonia. They found significant variations in the amplitudes and frequencies of the waves. 
Their data defined zones of anomalously high seismic wave attenuation in the uppermost 
mantle beneath the Fiji plateau and the Woodlark basin south of the Solomon islands. 
Barazanci and Isacxs (1971) also mapped in detail a zone of anomalously high seismic 
wave attenuation under the Lau basin. All these areas are also the sites of variable but 
generally high heat flow (ScLaTTER et al., 1972; MacDona p et al., 1973) and low seismic 
wave velocities (Dusors et al., 1973; AGGARWAL et al., 1972; SHor et al., 1971, FuRUMoTO 
et al., 1970). All these results suggest that hot and probably partially melted upper mantle 
material exists beneath these areas. It is also evident from our Fig. | that the observed 
heat flow in the Fiji plateau and other anomalous regions is considerably higher. Bara- 
ZANGI et al. (1974) also found that the high attenuation zone extends to depths of at least 
300 km beneath the Fiji plateau. This implies that the temperatures of the mantle ma- 
terial beneath the Fiji plateau to a depth of about 300 km are relatively much higher 
than those in the surrounding mantle. It is quite possible that, the high temperatures 
probably prevailing to great depths of about 300 km beneath the Fiji plateau are even 
affecting the northeasternly dipping New Hebrides seismic zone to a considerable extent 
and that the temperatures in the dipping seismic zone are also very high. That is why 
the velocity gradients of P and S waves in the New Hebrides seismic zone as determined 
by us are extremely small thus the P and S velocities are also much lower in the New 
Hebrides region as compared to those in the Tonga-Kermadec-New Zealand region at 
comparable depths. 

BarRAzanci ef al. (1973) studied the seismic wave propagation in the mantle beneath 
the New Hebrides island arc and presented evidence for the detachment of lithospheric 
slabs in the upper mantle beneath the New Hebrides arc. They interpreted the remark- 
able gap in the seismic activity between deep and intermediate depth earthquakes at the 
northern part of the arc as due to a gap in the lithospheric slab descending beneath the arc, 
and the deep earthquakes as due to a detached piece of lithosphere. They found that 
predominently low frequency (about 0.5 Hz) S waves are recorded at PVC and LNR 
stations in the New Hebrides from the deep earthquakes north of 15°S. New Hebrides 
deep earthquakes located at the western part of the deep zone produced attenuated, low 
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frequency S waves at PVC. The ray paths pass just beneath the dipping seismic ae 
Barazanci et al. (1973) found that frequencies greater than 1 Hz are absent and the 
amplitude of the S phase is generally less than that of P phase. As OLIVER and Isacks 
(1967) and Barazanct and Isacxs (1971) showed, this can be explained by a transmission 
through an attenuating low Q zone. Barazancr et al. (1973) also found that in contrast, 
S waves recorded at NIU station on the Tonga island arc from Tongan deep earthquakes 
have predominent frequencies of 3-4 Hz and the amplitude of S are generally larger than 
those of P. They interpreted the observation of low frequency S waves at PVC and LNR 
to be mainly the result of attenuation along the path. According to them the attenuation 
is chiefly below 300 km. Barazanci et al. (1973), on the basis of all these observations, 
suggested that there is absence of lithospheric slab material between depths of about 300 
and 600 km, and the deep earthquakes of New Hebrides therefore represent a detached 
slab in the upper mantle. In our opinion, the very high temperatures reached at about 
300 km depth in the surrounding mantle have probably affected the New Hebrides 
seismic zone to such an extent that the material in the seismic zone also has lost its strength 
substantially and no stresses can be accumulated in it. FARBEROv and GorELCHIK (1971) 
studied the focal distribution of subcrustal earthquakes and the dynamic features of 
seismic wave propagation under some volcanic areas of Kamchatka. They found that 
under active volcanoes there are aseismic areas of anomalous attenuation of seismic waves. 
As one of many possibilities, they suggested the presence of low viscosity zones under 
volcanoes in which there are no concentration of sufficient stresses to generate earthquakes 
and that these zones extend down to the focal layer. Since the volcanic activity in the 
New Hebrides region is also quite extensive the large temperatures there might have also 
reduced the viscosity of the mantle material at depths considerably. Thus beyond the 
depth of about 300 km there seems to be a gap in the seismic activity in this region. Again 
at depths greater than 600 km, due to increased pressure, built up by the usual pressure 
gradient, the material in the seismic zone might have recovered the necessary strength 
again to accumulate the stresses and therefore there are earthquakes occurring at these 
depths. ‘Therefore, if we view the properties of the seismic zone in the light of this argu- 
ment there is no necessity to imagine a gap in the lithospheric slab between depths of 300— 
600 km and a detached piece of lithosphere at about 600 km depth. The lithospheric 
slab in the New Hebrides may as well be continuing down to the usual depth of its penetra- 
tion, i.e., probably the 650 km velocity discontinuity in the mantle. It may be only 
because of the anomalously high temperatures attained at depths beyond about 300 km, 
that the seismic activity is not continuing between 300-600 km depths. This does not 
necessarily mean that there is a gap in the lithospheric slab itself. The gap according to 
us, is only the change in the physical properties of the lithospheric slab but not its existence 
as such. 

Barazanci et al. (1973) found that one of the three deep earthquakes occurred south 
of 15°S at about 18°S and 173°E produced large amplitude, high frequency S waves at 
PVC station in the New Hebrides. According to them this observation is quite clear and 
may imply the continuity of descending slab in the southern part of the New Hebrides arc. 
Isacks and Moxnar (1971) suggested that the gaps in seismic activity as a function of depth 
can be explained by two models. In the first the stress inside a continuous slab varies from 
downdip extension at intermediate depths to downdip compression at greater depths, and 
thus is near zero between these depths. In the second a piece of descending lithosphere 
breaks off, sinks into the upper mantle and leaves a gap between the piece and the plate 
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to which it was attached. Sykes (1966) studied the seismic activity versus depth for 
several island arcs. He found that in all island arcs studied the activity decreases in the 
upper 100 to 200 km approximately exponentially as a function of depth with a decay 
constant of about 100 km. Isacxs e¢ al. (1968) found that there is an approximate correla- 
tion of the decrease in seismic activity versus depth with a similar general decrease in 
seismic velocities, Q and viscosity in the upper 150km. They stated that these effects 
may be related to a decrease in the difference between the temperature and local melting 
temperature. 

Isacxs et al. (1968) have plotted in their Fig. 12 the annual number of earthquakes 
per 25 km depth intervals as function of depth for several island arcs, the data being taken 
by them from Sykes (1966) and from Karsumata (1967) for the Japan region. If we 
scrutinize these curves carefully, we can find that there is either a broad minimum between 
depths of about 200 to 400 km or there are some gaps in certain depth ranges. We can 
notice broad minima for the Japan and the Tonga-Fiji-Kermadec regions in almost the 
same depth range where the P velocity functions reveal reduced velocity gradients in these 
regions (Kaira e¢ al., 1971; Karta and KrisHna, 1978). In our opinion, this is a nice 
correlation between the zones of less seismic activity and zones of reduced velocity gradi- 
ents. Both these phenomenon can be easily explained by means of very high temperatures 
and/or temperature gradients in these depth ranges. ‘Therefore, it is also quite possible 
that in a region like the New Hebrides which is surrounded by anomalously hot regions 
of the mantle there may be actual gap in the seismic activity in certain depth range like 
300-600 km. In our opinion, this gap in the seismic activity however, does not necessarily 
mean a gap in the lithospheric slab. The slab may be actually continuing right to its 
maximum depth of penetration which may be the 650 km seismic discontinuity with 
variable physical properties throughout its length as explained above. 


4. Conclusions 


From the present study of the travel times of P and S waves in the New Hebrides 
island arc region we can make the following conclusions regarding the upper mantle 
structure in that region. 

1) The P and § velocities are almost constant in the upper mantle to a depth of 
about 240 km. These velocities, although are comparable at the top of the mantle, they 
are however, much lower, by as much as 10°, for P waves and 6—7% for S waves at a depth 
of about 240 km as compared to those at similar depths in the Tonga-Kermadec-New 
Zealand region. A temperature contrast of about 1,000°C between these two regions is 
needed to account for these velocity anomalies on the average. 

2) The lower velocities observed in the New Hebrides seismic zone, are primarily 
due to anomalously high temperatures prevailing even at great depths in the upper mantle 
surrounding the New Hebrides region. In fact, the mantle material in the entire region 
beneath the New Hebrides, Solomon islands, New Britain and New Guinea regions may 
be in a partially molten state as revealed by very mild velocity gradients, high heat flow 
and intense volcanism in these regions. 

3) The remarkable gap in the seismic activity observed in the New Hebrides region 
between depths of 300-600 km need not necessarily mean a gap in the lithospheric slab 
descending beneath the New Hebrides island arc. It is only due to the anomalously high 
temperature, prevailing in this region that the descending slab also has probably lost its 
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strength considerably and therefore cannot take sufficient stresses to accumulate and 
subsequently release through the earthquakes. At depths of about 600 km again the 
material in the slab has prébably recovered its strength and therefore there are deep earth- 
quakes at these depths. Therefore, we conclude that the lithospheric slab descending 
beneath the New Hebrides region is not broken between 300-600 km depth and may 
be continuing with varying physical and thermal properties right to the maximum depth 
of its penetration which may extend upto the 650-km seismic discontinuity. 
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Upper mantle velocity structure in the Tonga-Kermadec island arc region has been 
studied in great detail to a depth of 665 km from the analysis of P and S wave travel times of 
130 deep earthquakes using Kaiva’s (1969) analytical method. The velocity function for P 
waves determined from the present study reveals a velocity of 7.97 km/sec at a 40-km depth 
which increases linearly, with a high velocity gradient of 0.52+0.02 km/sec per 100 km, to 
8.96 km/sec at a depth of 230 km. From 230 km downwards, the velocity increases with 
a considerably smaller gradient of 0.23+0.02 km/sec per 100 km, reaching a value of 9.37 
km/sec at a depth of 410 km. At this transition depth of 410 km, there is a first order veloc- 
ity discontinuity—the velocity increasing from 9.37 to 9.85 km/sec. In the depth range 
from 410 to 600 km, the P velocity gradient is found to be extremely small, velocity increas- 
ing only to a value of 9.90 km/sec at a depth of 600 km. At this depth of 600 km there is 
again a first order velocity discontinuity—the velocity increasing from 9.90 to 10.64 km/sec. 
Below 600 km depth, P velocity increases linearly from 10.64 to 10.72 km/sec at a depth of 
660 km. 

The S velocity function, determined to a depth of 665 km, also reveals similar features 
as the P velocity function. However, a decrease in the S velocity gradient is found to occur 
at a smaller depth of only 130 km. The S velocity determined as 4.58 km/sec at a 40-km 
depth increases linearly with a gradient of 0.28-+-0.02 km/sec per 100 km, to 4.83 km/sec at 
a depth of 130 km. From 130 to 410 km depth S velocity is found to increase linearly from 
4.83 to 5.11 km/sec with a low velocity gradient of only 0.10--0.01 km/sec per 100 km. 
At the transition depth of 410 km there is a first order velocity discontinuity for S waves— 
the velocity increasing from 5.11 to 5.32 km/sec. Below 410 km depth the S velocity 
gradient is also extremely small, velocity increasing only to a value of 5.39 km/sec at a depth 
of 600 km. At this depth of 600 km, there is again a first order velocity discontinuity for 
S waves—the velocity increasing from 5.39 to 6.21 km/sec. Below 600 km depth, S velocity 
again increases linearly from 6.21 to 6.34 km/sec at a depth of 665 km. The decrease in 
the velocity gradient at a depth of 230 km for P waves and 130 km for S waves is interpreted 
as a second order low velocity channel in the upper mantle beneath the Tonga-Kermadec- 
New Zealand region. 

The P and §S velocities in the Tonga-Kermadec-New Zealand region are about 6% 
higher, on the average, than those in the adjacent New Hebrides island arc region to a depth 
of at least 240 km. These velocities are also much higher, by about 3 to 6%, than those in 
the Japan region to a depth of almost 600 km; and also substantially higher than those in 
the northeastern Australia, the western United States and those for the average upper 
mantle structure valid for the Pacific ocean basin and its surroundings. It is thus found that 
the P and S velocities in the inclined seismic zone beneath the Tonga-Kermadec-New Zea- 
land region are probably the highest in the Pacific region and that these velocity differences 
are prevailing almost to a depth of about 600 km. ‘These differences of about 6% in the 
velocities can be explained primarily by differences in temperatures of the upper mantle 
material of the order of 1,000°C. It is therefore inferred that the mantle material in the 
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inclined seismic zone beneath the Tonga-Kermadec-New Zealand region is relatively much 
colder than that in the Circum-Pacific region. 


4 


1. Introduction 

There have been several studies during recent years showing evidence for large lateral 
variations of seismic wave velocities and attenuation in the upper mantle beneath the 
Tonga-Kermadec island arc region of the southwest Pacific. Otxiver and Isacxs (1967) 
observed anomalies in both the velocities and attenuation of seismic energy in the upper 
mantle beneath the Tonga island arc, but focussed their attention primarily upon the 
more obvious and prominent effects of attenuation. On the basis of their observations of 
the amplitudes and predominant frequencies of shear waves, they inferred an anomalous 
low attenuation (high Q) zone in the upper mantle near the inclined seismic zone. They 
proposed a model in which the Tonga-Kermadec island arc results from the downgoing 
motion of a plate of lithosphere that would be more rigid and cooler than the surrounding 
upper mantle material. Such a model in which a lithospheric plate descends into the 
mantle beneath an island arc provides the simplest explanation for both the anomalous 
velocities and the anomalous attenuation. According to this model (OLIVER and Isacxs, 
1967; McKenziz, 1969; OxpurcH and Turcotte, 1970; Mrinear and Toxsoz, 1970) 
the high velocities are simply the result of low temperatures in the slab relative to those in 
the surrounding mantle. Mrrronovas and Isacxs (1971) observed that the travel times 
for the P waves from deep earthquakes that go beneath and through the inclined seismic 
zone of the Tonga island arc are 5+1 sec less than the travel times of waves going through 
the aseismic and apparently normal mantle beneath the Fiji islands. A less precisely 
determined difference in the travel times of S waves according to them is about 10 to 12 sec. 
From this study of travel time residuals of P and S waves, they inferred that, on the average, 
the P and S velocities near the inclined seismic zone are about 6 to 7% higher than those 
for comparable parts of aseismic normal mantle. They interpreted these differences in 
velocities in terms of differences in temperature of the upper mantle material of the order 
of 1,000°C. Although these and similar other estimates of the velocity contrasts between 
the inclined seismic zone and the aseismic surrounding mantle are available to a reasonable 
degree of accuracy, however, the actual velocity structure as a function of depth neither in 
the inclined seismic zone nor in the surrounding mantle is known very precisely in the 
Tonga-Kermadec island arc region. 

The velocities of seismic body waves P and S are the most fundamental physical 
parameters of the earth’s mantle measurable to a high degree of accuracy and as such 
their variation with depth can be used to infer various other physical properties such as 
temperature, elastic parameters, density and chemical composition (Brrcu, 1952, 1961, 
1964; AnpERson, 1966, 1967; BULLEN and Happon, 1967; BurpicK and ANDERSON, 1975; 
Karta and Krisuna, 1976). Further, knowledge of the accurate velocity distribution 
with depth in a seismic region is also very essential for a precise location of earthquakes in 
the region. 

In the present study, we have determined the detailed upper mantle velocity structure 
for P and S waves to a depth of about 660 km in the inclined seismic zone beneath the 
Tonga-Kermadec island arc and the New Zealand region from the analysis of P and § 
wave travel times using Kaiia’s (1969) method. The velocity functions determined for 
P and S waves in the present study are compared with those determined by Karta and 
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KrisHna (1978) for the adjacent New Hebrides seismic zone where the velocities as well 
as the velocity gradients for P and S waves are found to be much smaller to a depth of 
about 240km. The P and S velocity functions determined in the present study for the 
Tonga-Kermadec-New Zealand region are also compared with velocity models derived 
by other workers for various other regions of the earth and it is found that the seismic 
velocities in the lithospheric slab descending beneath the Tonga-Kermadec island arc 
are probably the highest. Attempts are also made in this paper to explain these anoma- 
lously high velocities within the inclined seismic zone in the Tonga-Kermadec-New 
Zealand region in terms of temperature differences probably prevailing even at great 
depths. 


2. Sources of Data 


For the period 1957 to 1973, 130 shallow, intermediate and deep earthquakes are 
selected in the seismic zones of Tonga-Kermadec island arc and the New Zealand regions. 
Most of the shallow and intermediate depth earthquakes are selected either from the New 
Zealand seismic zone or towards northeast of the north island; because there is sufficiently 
good network of seismograph stations throughout New Zealand which can provide travel 
time data in the required distance ranges from the shallow and intermediate depth earth- 
quakes to obtain reliable velocity estimates at the hypocenters of the earthquakes. On 
the other hand shallow and intermediate earthquakes located on the trench side of the 
Tonga-Kermadec islands do not provide sufficient travel time data in the required distance 
range for velocity determination and therefore they could not be used in the present study. 
However, deep earthquakes in the seismic zone beneath the Tonga-Kermadec island arc 
provide sufficiently good number of travel time observations in the required distance 
ranges to determine the velocities at the hypocenters and so they are also selected for the 
present study. The North Island of New Zealand overlies a zone of intermediate depth 
earthquakes, down to a depth of about 350 km, that forms the southern extension of the 
Tonga-Kermadec zone (Hamitton and Gate, 1968, 1969; Moonry and HaTHErtTon, 
1969; Haruerton, 1970). ‘Travel time residuals reviewed by Mirronovas and Isacks 
(1971) also suggest that the Tonga-Kermadec high-velocity slab extends south to include 
the north island and perhaps even the south island of New Zealand. ‘Therefore, we are 
justified to use shallow and intermediate depth earthquakes in the seismic zone of New 
Zealand along with the deep earthquakes of the Tonga-Kermadec seismic zone to derive 
the velocity function, in the depth range from 40 to 660 km, applicable to the inclined 
seismic zone beneath the Tonga-Kermadec island arc and the New Zealand region. 

P and S wave travel times and epicentral distances (4) are taken from the bulletins 
of the International Seismological Summary (ISS) for the period 1957-1963 and from 
the bulletins of the International Seismological Center (ISC) for the period 1964-1973 
for various earthquakes. Figure 1 shows the epicenters of the earthquakes in the Tonga- 
Kermadec island arc and the New Zealand seismic regions which are used in the present 
study, along with the seismograph stations. The epicentral data of these earthquakes 
is also given in Table 1. 


3. Data Analysis and Results 


For determining the upper mantle velocity structure in the seismic zone beneath the 
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Fig. 1. Map of the southwest Pacific region showing the seismological observatories and epi- 
centers of earthquakes in the Tonga-Kermadec-New Zealand region used in the present 
study. Epicenters of earthquakes used by Karta and Krisuna (1978) for determining the 
upper mantle velocity structure in the New Hebrides island arc region are also shown. 


Tonga-Kermadec island arc region we have analysed the P and S wave travel times of 
all the earthquakes listed in ‘Table 1 by making use of Karia’s (1969) analytical method. 
The epicentral distance limits 4; andd4 2, between which p(=0T/04) remains almost con- 
stant, are however not determined for various earthquakes in the present study. Instead, 
we have made use of the curves for 4; and 42 as functions of focal depth given by Karna 
et al. (1971 paper, Fig. 9 for P waves and 1974 paper, Fig. 7 for S waves) to determine the 
A; and 42 limits for various depths, because, in our opinion these estimates of 4; and 42 are 
quite reasonable within the accuracy of their determination and are not likely to change 
much from region to region. The travel time data available between the two limits is 
fitted by a least squares line in each case, which yielded the apparent p(=07/04) and 
the a(=T'—p4) values with their standard deviations. The least squares fits obtained 
for T’—4 points between 4; and 42 for three specimen earthquakes with focal depths of 
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Table 1. Earthquake epicentral data. 
Latitude —_Longi depth 
No. (h) (m) (s) (deg) (deg) (krn) 
1 2 3 4 5 6 
1 Apr. 15, 1964 15 02 26.9 45.238 167.00E 38 
2 May 22, 1959 06 57 10.0 41.108 174.38E 4 
3 Jan. 9, 1964 A047 cis 42.348 174.30E 44 
4 May 8, 1964 11 4] 12.6 41.698 173.51E 48 
5 Feb. 21, 1960 00 46 57.0 42.215 173.16E 49 
6 Aug. 15, 1964 19 37 56.9 44.888 167.12E 52 
7 Dec. 19, 1964 06 41 24.3 32.995 179.00W 54 
8 Aug. 24, 1964 13 32 02.4 33.298 178.20W 60 
9 Dec. 27, 1964 06 21 09.9 34.208 179.30E 63 
10 July 21, 1964 10 33 38.2 37.948 177.40E 67 
11 Nov. 5, 1964 12 16 20.1 38.7458 177.60E 75 
12 Apr. 12, 1964 11 10 53.0 34.025 179.79W 75 
13 Sept. 22, 1958 19 05 53.0 33.678 178.07W 77 
14 Nov. 20, 1964 21 20 19.5 39.308 176.08E 80 
15 Feb. 12, 1964 20 39 06.8 41.698 173.00E 80 
16 May 25, 1964 17 40 22.7 37.608 177.50E 87 
17 May 20, 1964 06 06 22.3 35.508 179.70E 101 
18 Oct. 4, 1964 16 43 a2, 38.608 178.40E 104 
19 June 24, 1964 11 37 58.0 45.508 168.80E 106 
20 June 20, 1964 02 32 27.6 36.508 178.70E 112 
2) May 24, 1964 jhe 22 DA fs 36.958 177.81E 146 
22 Apr. 14, 1964 04 32 15.5 38.208 176.50E 147 
Me Nov. 11, 1964 11 19 18.1 24.368 177.16W 148 
24 July 26, 1961 09 19 06.0 37.428 177.04E 149 
25 June 27, 1959 19 04 39.0 33.428 179.84E 151 
26 Dec. 10, 1964 11 39 13.9 38.528 175.63E 157 
27 Feb,.9,-1957 13 UE 25.0 34.238 179.91W 164 
28 July 14, 1957 06 23 59.0 27.078 177.99W 173 
29 Mar. 3, 1964 03 57 02.6 33.068 179.90W 193 
30 Nov. 1, 1964 Ze 12 43.2 37.60S 177.40E 203 
31 Oct. 27, 1964 00 40 46.5 37.008 177.50E 215 
32 Aug. 5, 1964 11 06 01.4 32.228 179.80W 216 
33 Mar. 27, 1960 Hes 28 26.0 39.01S 175.23E 224 
34 Nov. 20, 1964 08 pS 25.0 35.408 178.70E 228 
35 Feb. 7, 1958 01 10 58.0 31.45S 179.69W 229 
36 June 12, 1960 06 58 15.0 30.698 179.20W 254 
37 Feb, 22, 1964 01 47 36.4 37.378 176.78E 263 
38 Oct. 6, 1958 00 47 25.0 32.425 179.96E 263 
39 Dec. 10, 1958 07 03 01.0 36.928 177.02E 274 
40 July 27, 1964 08 47 07.5 34.508 179.40E 280 
41 July 22, 1964 00 07 41.1 33.408 179.00E 300 
42 June 10, 1964 08 54 41.7 31.248 179.40W 328 
43 May 17, 1963 07 33 14.0 31.908 179.06W 333 
44 Dec, 12, 1964 19 03 194 34.045 179.50W 346 
45 Sept. 21, 1964 18 10 54.7 30.288 179.38W 350 
46 Apr. 11, 1964 21 21 Ge, 34.608 179.70E 360 
47 Feb. 24, 1964 16 18 20.6 31.845 178.30W 368 
48 Apr. 8, 1959 01 23 29.0 32.668 179.47E 389 
49 June 18, 1961 13 55 17.0 31.498 179.69E 397 
50 June 21, 1964 03 BG 58.9 31.208 179.90W 410 
51 July 3, 1958 06 27 49.0 29.428 179.57W 410 
52 Sept. 5, 1964 02 Wy 16.7 32.20S 179.61E 422 
53 Nov. 24, 1964 14 48 51.3 24.208 179.78W 447 
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Table 1 (Continued) 
Phe Time Epicenter Focal 
quake Date Latitude Longitude depth 
bi (h)  (m) 6) (deg) (deg) aa 
1 Z 3 4b 5 6 
54 Sept. 28, 1963 06 58 13.0 31.68S 179.66E 460 
55 July 7, 1964 07 Bg 04.7 23.588 179.83W 462 
56 Nov. 11, 1971 08 09 40.6 25.628 179.92E 472 
Sy) Mar. 10, 1960 05 00 25.0 31.508 179.27E 477 
58 Oct. 15, 1964 11 05 14.4 32.948 179.70E 480 
59 Jan. 30, 1959 18 09 55.0 31.648 179.38E 486 
60 July 17, 1964 04 55 00.8 24.348 179.52E 504 
61 March 27, 1964 20 22 09.6 23.748 179.99E 506 
62 Feb. 3, 1964 20 05 47.5 23.308 179.84W 512 
63 Aug. 4, 1963 23 54 15.0 17.668 178.93W 517 
64 Nov. 2, 1965 00 49 oe. 23.785 179.69W 518 
65 Aug. 28, 1964 14 42 16.7 24.278 179.88E 523 
66 Sept. 27, 1961 06 34 03.0 17.558 178.64W 524 
67 Dec. 30, 1964 21 30 Deo 23.338 179.82W 528 
68 Apr. 10, 1971 01 DP 16.5 21.228 178.76W ot 
69 June 2, 1965 05 12 DIS 23.538 179.99E 538 
70 Apr. 16, 1964 11 45 37.6 23.648 179.96E 538 
71 Aug. 20, 1961 05 04 14.0 17.96S 178.50W 538 
72 Sept. 19, 1971 10 00 19.1 21.238 178.50W 539 
73 Aug. 6, 1964 17 03 32.2 22.648 179.36W 544 
74 Jan. 19, 1960 09 15 05.0 23.418 179.64E 545 
75 Mar. 31, 1964 17 04 304 17.70S 178.77W 546 
76 Dec. 5, 1964 05 14 41.4 20.90S 178.49W 548 
77 Oct. 10, 1961 03 44 40.0 22.828 179.84E 549 
78 Nov. 1, 1965 18 03 09.7 24.188 179.02E 550 
79 July 26, 1964 06 28 3251, 23.438 180.00W 553 
80 Aug. 25, 1963 12 18 12.0 17.588 178.73W 557 
81 Dec. 6, 1967 05 03 40.9 21.268 178.75W 558 
82 Dec. 11, 1963 02 il 21.0 17.888 178.69W 558 
83 May 28, 1971 17 58 MAL 23.588 179.25E 564 
84 Dec. 7, 1963 04 07 54.0 22.118 179.46W 564 
85 Aug. 3, 1958 Ol 06 28.0 22.108 179.00W 567 
86 Mar. 27, 1972 11 12 28.2 17.898 178.54W 573 
87 Feb. 15, 1971 07 51 02.0 25.208 178.41E 574 
88 Aug. 28, 1964 04 35 22 19.85S 178.15W 576 
89 Nov. 4, 1969 23 40 19.9 22.148 179.57W 577 
90 Feb. 18, 1969 20 43 14.0 17.948 178.53W 577 
91 Dec. 28, 1964 16 16 08.7 22.138 179.62W 577 
92 Oct. 21, 1961 11 43 43.0 17.918 178.51 W 578 
a3 Apr. 29, 1965 09 44 36.9 22.108 LOST: 579 
94 Feb. 10, 1964 09 56 45.8 20.978 178.53W 582 
95 Mar. 10, 1965 ils 53 40.2 21.985 179.60E 583 
96 Oct. 27, 1963 08 45 44.0 17.998 178.41W 583 
97 Jan. 24, 1969 02 33 03.4 21.878 179.54W 587 
98 Nov. 22, 1964 02 38 30.7 17.808 178.62W 587 
99 July 15, 1968 04 12 26.4 18.018 178.49W 589 
100 Dec. 9, 1961 19 49 43.0 21.898 179.93E 590 
101 June 18, 1968 06 42 Dies 21.728 179.43W 593 
102 Nov. 24, 1969 | 31 18.1 18.018 178.40W 597 
103 Oct. 12, 1968 19 17 397 20.798 178.68W 597 
104 Nov. 13, 1964 15 15 29.0 18.11S 178.33W 597 
105 Feb. 19, 1964 09 58 39.6 25.828 179.33E 600 
106 June 23, 1967 14 38 $5.4 21.408 179.29W 600 
107 Jan. 14, 1968 08 01 ile) 22.438 179.58W 602 


Upper Mantle Velocity Structure in the Tonga-Kermadec Island Arc Region 161 


Table 1 (Continued) 


outed D Time Epicenter Focal 
anene ate Latitude Longitude depth 
No. (h) (m) (s) (deg) (deg) (km) 

1 Z A, 4 5 6 
108 Sept. 21, 1964 04 Hes 18.9 21.968 179.46W 603 
109 Apr. 12, 1971 21 00 36.8 17.928 178.17W 606 
110 June 8, 1964 02 26 46.0 22.058 179.60W 606 
111 June 12, 1964 18 12 16.5 26.538 178.57E 600 
112 July 23, 1960 07 31 42.0 21.348 179.23W 602 
113 Feb. 15, 1966 jap 14 44,2 26.538 178.30E 605 
114 May 29, 1964 18 42 19.3 26.208 178.35E 606 
115 May 29, 1964 19 01 56.7 26.138 178.31E 609 
116 Feb. 15, 1966 22 34 06.6 26.508 178.29E 609 
117 Apr. 24, 1972 02 04 24.7 21.368 179.34W 613 
118 Oct. 25, 1964 ye 08 53.2 21.68S 179.37W 617 
119 May 29, 1964 18 35 02.3 26.118 178.30E 617 
120 Feb. 3, 1969 07 i 249 25.878 178.23E 618 
121 Oct. 3, 1964 17 02 44.0 18.138 178.48W 618 
122 Mar. 19, 1964 04 45 51.9 21.968 179.62E 627 
123 Apr. 9, 1961 09 21 31.0 25.988 178.25E 628 
124 Feb. 3, 1969 08 13 45.0 25.858 178.26E 629 
125 June 2, 1965 14 45 56.1 18.00S 179.38W 636 
126 Aug. 16, 1968 11 34 15.8 21.238 179.14W 637 
127 Sept. 21,1973 19 28 28.7 26.158 178.33E 643 
128 Feb. 20, 1962 10 07 27.0 25.958 178.29E 660 
129 Feb. 3, 1969 08 18 15.6 25.8458 178.36E 665 
130 Mar. 20, 1963 04 43 12.0 20.118 179.05W 668 
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Fig. 3. P wave travel time curve JT versus 4 for 
earthquake with focal depth 589 km between the 
limits 4; and 42 of epicentral distance. Reduced 
travel time curve (7'—p4) versus 4 is also shown 
where p=0T7/04 at the inflection point. 


539, 589 and 637 km for P waves and one specimen earthquake with focal depth of 609 km 
for S waves are shown in Figs. 2 to 5 respectively. In the same figures are also shown the 
plots of (7—pd4) versus 4. Using the apparent p values, the true velocities with their 
standard deviations are computed for each focal depth studied. It may be mentioned 
here that the method of analysis adopted in the present study has the greatest advantage 
that we are able to determine the velocity at the hypocenter of each earthquake studied 
and the effect of the travel path of the waves is almost negligible. The final results ob- 
tained for the p values and velocities with their standard deviations are given in Table 2 
for both P and S waves. 

The true velocities thus obtained at various depths are plotted in Fig. 6 for P waves 
and in Fig. 7 for S waves. In these figures, the velocity depth points are shown by circles 
and the truncated horizontal bars with them indicate the standard deviations of those 
velocity values. The velocity depth points for P waves are fitted by least squares by 
various straight line segments in different depth ranges as shown by thick lines in Fig. 6. 
The broken lines bounding these straight line fits in different depth ranges represent the 
95% confidence limits of their slopes. 

The velocity function for P waves thus determined for the Tonga-Kermadec-New 
Zealand seismic zone reveals a velocity of 7.97 km/sec at a 40-km depth which increases 
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linearly, with a high velocity gradient of 0.52--0.02 km/sec per 100 km, to 8.96 km/sec 
at a depth of 230 km. At this depth of 230 km, there is a decrease in the P velocity gradi- 
ent, which decreases to 0.23-+-0.02 km/sec per 100 km, but the velocity still increasing 
linearly and attaining a value of 9.37 km/sec at a depth of 410km. At this transition 
depth of 410 km, there is a first order velocity discontinuity—the velocity increasing from 
9.37 to 9.85 km/sec. In the depth range from 410 to 600 km, the P velocity gradient is 
found to be extremely small, velocity increasing only to a value of 9.90 km/sec at a depth 
of 600km. At this depth of 600 km there is again a first order velocity discontinuity— 
the velocity increasing from 9.90 to 10.64 km/sec. Below 600km depth, P velocity 
increases linearly from 10.64 to 10.72 km/sec at a depth of 660 km. ‘The above model of 
the P velocity function shown in Fig. 6 gave a y? value of about 78 on 96 degrees of freedom 
which corresponds to a probability of 0.90-0.95 and therefore it is an acceptable model. 
The velocity depth points for S waves are also fitted, by using least squares method, 
by various straight line segments in different depth ranges as shown by thick lines in Fig. 
7. The broken lines bounding these straight line fits in different depth ranges represent 
the 95% confidence limits of their slopes. The S velocity function, determined to a depth 
of 665 km, also reveals similar features as the P velocity function. However, a decrease in 
the S velocity gradient is found to occur at a smaller depth of only 130 km. The S velocity 
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Fig. 5. S wave travel time curve T versus 4 for 
earthquake with focal depth 609 km between the 
limits 4; and 42 of epicentral distance. Reduced 
travel time curve (T—p4) versus 4 is also shown 
where P=oT7/04 at the inflection point. 


determined as 4.58 km/sec at a 40 km depth increases linearly, with a gradient of 0.28-+0.02 
km/sec per 100 km, to 4.83 km/sec at a depth of 130 km. From 130 to 410 km depth S 
velocity is found to increase linearly from 4.83 to 5.11 km/sec with a low velocity gradient 
of only 0.10-+-0.01 km/sec per 100 km. At this transition depth of 410 km there is a first 
order velocity discontinuity for S waves the velocity increasing from 5.11 to 5.32 km/sec. 
Below 410 km depth the S velocity gradient is also extremely small, velocity increasing 
only to a value of 5.39 km/sec at a depth of 600 km. At this depth of 600 km there is 
again a first order velocity discontinuity for S waves—the velocity increasing from 5.39 
to 6.21 km/sec. Below 600 km depth, S velocity increases linearly from 6.21 to 6.34 km/ 
sec at a depth of 665 km. The above model of S velocity function shown in Fig. 7 gave 
a x? value of about 66 on 63 degrees of freedom which corresponds to a probability of 0.25- 
0.75 and therefore it is an acceptable model. 

The discontinuities at 410 and 600 km are also revealed by the firue versus depth 
plots for both P and S waves (Figs. 8 and 9). a(=T—p4) values in the neighbourhood of 
the inflection point have been plotted versus depth in Fig. 10 for P waves and in Fig. 11 
for S waves. Straight line fits are made in different depth ranges by least squares method 
for the plotted points which are shown by thick lines in Figs. 10 and 11. Both ap and a, 
curves also show clearly the presence of first order discontinuities at depths of 410 and 
600 km. These ap and/or ag calibration curves are also useful for earthquake focal depth 
determination in the Tonga-Kermadec arc and the New Zealand regions. 
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4. Discussion 


Upper mantle P wave velocity structure in the Tonga-Kermadec-New Zealand region 
as determined in the present study is compared with the P velocity structure for the New 
Hebrides region determined by Karta and Krisuna (1978) in Fig. 12. Upper mantle 
P velocity structures for other regions of the earth due to Kama et al. (1971) for Japan, 
Jerrreys (1939), Jounson (1969) and Simpson et al. (1974), have also been included in 
the same figure for comparison. Upper mantle S wave velocity structure in the Tonga- 
Kermadec-New Zealand region as determined in the present study is also compared with 
the S velocity structure for the New Hebrides region determined by Kar_a and KrisHNA 
(1978) in Fig. 13. In the same figure are also shown, for comparison, S velocity structures 
for other regions of the earth due to Kata et al. (1974) for Japan, Jerrreys (1939) and 
HeELMBERGER and ENGEN (1974). The P and S velocities at the top of the mantle in the 
New Zealand region, as determined in the present study, are 7.97 and 4.58 km/sec respec- 
tively. Stor et al. (1971) from seismic refraction studies in the Melanesian Borderland 
along a profile GH across the Kermadec ridge found P,, velocities of 7,8 and 8,1 km/sec 
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Fig. 7. S wave velocity versus depth curve for the 
Tonga-Kermadec-New Zealand region. — are 
the least squares fits obtained for the velocity 
depth points shown by © in different depth 
ranges and --- are the 95% confidence limits of 
their slopes. Truncated horizontal bars represent 
the standard deviations in the velocity values. 


under the Kermadec trench and the Kermadec ridge respectively. These velocity values 
are quite consistent with our P velocity value of 7.97 km/sec. HAMILTON (1966) also deter- 
mined the P,, and S,, velocities for the New Zealand region as 8.13-+-0.05 and 4.72-L0.03 
km/sec respectively based on the data out to 10° distance from 15 earthquakes of the 
Fiordland earthquake sequence of 1960. 

It can be seen from Figs. 12 and 13, that the P and S velocities to a depth of at least 
240 km in the Tonga-Kermadec-New Zealand region are about 6% higher, on the average 
(about 10% higher at a depth of 240 km for P waves and about 7% higher at a depth of 
220 km for S waves) than those in the adjacent New Hebrides island. arc region although 
the velocities are comparable in both the regions at the top of the mantle both for P and S 
waves. In our opinion, these large differences in the velocities are primarily due to the 
differences in the temperature prevailing at depths in the two regions. ‘The measurements 
of high temperature and pressure derivatives of elastic constants for a number of com- 
pounds appropriate for geophysical considerations as reported by ANDERSON et al. (1968), 
indicate that a temperature contrast of the order of 1,000°C is needed to account for a 6%, 
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Fig. 8. For P waves fPirye (=oOT/04) versus depth 
curve for the Tonga-Kermadec-New Zealand 
region. — are the least squares fits obtained for 
the Pirue depth points shown by O in different 
depth ranges and --- are the 95% confidence limits 
of their slopes. Truncated horizontal bars repre- 
sent the standard deviations in the p values. 


difference in the observed P velocities. The S velocity difference observed in the two 
regions will, however, require a somewhat smaller temperature contrast. Therefore, the 
temperatures in the upper mantle beneath the Tonga-Kermadec-New Zealand region are 
about 1,000°C lower than those at comparable depths in the New Hebrides region. 
Further, it is also possible that this temperature excess in the New Hebrides region, may 
cause a partial melting which would also decrease the velocity. KANAmort (1968) found 
that a 2°% partial melting would cause about 1% velocity decrease using the equation 
V=Vo(1—0.58c) given by Hasuin (1962), where V is the P velocity in a material having 
a liquid inclusion of concentration c and Vo is the velocity for c=0. Thus the actual 
temperature difference in the two regions, the New Hebrides and the Tonga-Kermadec- 
New Zealand may be somewhat less than 1,000°C. 
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Fig. 9. For S waves firye (=0T/04) versus depth curve for 
the Tonga-Kermadec-New Zealand region. — are the 
least squares fits obtained for the /;,,,. depth points 
shown by O in different depth ranges and --- are the 95% 
confidence limits of their slopes. Truncated horizontal 
bars represent the standard deviations in the p values. 


In Fig. 1 we have also shown the heat flow observations in the southwest Pacific 
region compiled by Jessop et al. (1976). We have however, classified the heat flow values 
only into 3 ranges as shown in Fig. | instead of 5 ranges as given by Jessop et al. (1976). 
It can be seen from Fig. 1 that the average heat flow value in the eastern north island of 
New Zealand and in the Tonga-Kermadec deep earthquake zone is much smaller than 
that in the New Hebrides seismic zone. Thus the distribution of heat flow in the two 
regions is also quite consistent with our idea that the temperatures in the New Hebrides 
region may be higher than those in the Tonga-Kermadec-New Zealand region. This is 
precisely the reason why the velocity gradients for P and S waves in the New Hebrides 
region are extremely small. On the other hand the velocity gradients in the Tonga- 
Kermadec-New Zealand region are much higher at similar depths for both P and S waves. 

The velocity functions for P and S waves in the Tonga-Kermadec-New Zealand 
region as determined in the present study are also found to reveal much higher velocities 
than those found in the Japan region by Karza e¢ al. (1971, 1974) as can be seen from 
Figs. 12 and 13. The P velocities determined in the present study are found on the aver- 
age, to be about 3%, higher in the depth range 40-200 km, 6-7%, higher in the depth range 
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Fig. 10. ap (= T—p4), at the inflection point, versus depth as a calib- 
ration curve for earthquake focal depth determination from P 
wave data in the Tonga-Kermadec-New Zealand region. — are 
the least squares fits obtained for the ap-depth points shown by © 
in different depth ranges and --- are the 95% confidence limits of 
their slopes. Truncated horizontal bars represent the standard 
deviations in the ap values. 


200-400 km and again about 3% higher from 400-550 km depth as compared to those in 
the central Japan region in the corresponding depth ranges. The P velocity in the south- 
west Japan almost remains constant to a depth of about 255 km thus showing even much 
lower velocities to that depth. Similarly, the S velocities in the Tonga-Kermadec island 
arc region as determined in the present study are also found to be 6—7% higher, on the 
average, throughout the depth range of about 600 km than those in the central Japan 
region. Again it can be seen that the S velocity in the southwest Japan also remains 
constant at least to the depth of 170 km studied (Kata ¢ét al., 1974) thus revealing much 
lower velocities to the depth of 170 km as compared to the S velocities in the Tonga- 
Kermadec-New Zealand region, New Hebrides region and the central Japan region. 
However there is an interesting similarity which can be seen from Figs. 12 and 13 as regards 
the velocity anomalies in the southwest Pacific region and in the Japan region. The 
velocities in the southwest and central Japan regions are although comparable in the top 
of the mantle; since the velocity gradient for P and S waves in the southwest Japan are 
almost close to zero, there are large differences in the velocities at depths in both the re- 
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Fig. 11. as(=T—p4), at the inflection point, versus depth as a calibration 
curve for earthquake focal depth determination from S wave data in the 
Tonga-Kermadec-New Zealand region. — are the least squares fits ob- 
tained for the as-depth points shown by O in different depth ranges and 
--- are the 95% confidence limits of their slopes. Truncated horizontal 
bars represent the standard deviations in the ag values. 


gions. A similar situation can also be seen in the southwest Pacific region; the velocities 
at depths in the New Hebrides and the Tonga-Kermadec regions show larger and larger 
differences because the velocity gradients of P and S waves in the New Hebrides region 
are also close to zero. ‘These velocity anomalies in the Japan as well as the southwest 
Pacific region can be attributed primarily due to the lateral temperature variations 
prevailing between the southwest and central Japan regions on the one hand and between 
the New Hebrides and the Tonga-Kermadec regions, on the other. The effects of the 
compositional variations will be almost negligible between the two sets of regions, the 
uppermost mantle, velocities being almost similar. On the other hand, the major differ- 
ences in the velocity structure between the Japan and the southwest Pacific regions although 
can be attributed primarily due to variations in the thermal structure of the mantle beneath 
them, however, we cannot rule out the possibility that some component of these velocity 
anomalies may be also due to some compositional variations. The extent to which 
compositional variations will affect the velocities in these regions will, of course, be very 
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limited and therefore only the temperature differences will account for these velocity 
anomalies to a great extent. 

We can however find from Figs. 12 and 13, that qualitatively the velocity functions 
reveal very similar features in the Japan and the Tonga-Kermadec-New Zealand regions. 
A second order low velocity layer, i.e., a decrease in the velocity gradient is found to occur 
at a depth of 230 km for P waves and 130 km for S waves in the Tonga-Kermadec-New 
Zealand region also as in the Japan region. In our opinion, this decrease in the velocity 
gradients for both P and S waves within the inclined seismic zone may be due to the effect 
of high temperatures at those depths. These high temperatures at depths in the inclined 
seismic zone might have been resulted due to the influence of the surrounding astheno- 
sphere layer where the temperatures may be anomalously high. Barazanci and Isacks 
(1971) from a detailed study of the variations of predominant frequencies of P and S waves 
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that traverse the wedge of mantle above the inclined seismic zone of intermediate and deep 
earthquakes of Tonga found that the material present throughout the prism of the mantle 
above depths of about 150 to 300 km above the inclined seismic zone is of anomalously 
high attenuation. According to them, the data implies an anomalous increase in attenua- 
tion in the asthenosphere near the inclined seismic zone, Q may be as small as 50 for P 
waves and less than 20 for S waves. The high attenuation at depths in the asthenosphere 
may be because of anomalously high temperatures at those depths. These high temper- 
atures are even affecting the material in the inclined seismic zone thus reducing the P 
and $ wave velocity gradients considerably. At a depth of 410 km there is a first velocity 
discontinuity for P and S waves in the Tonga-Kermadec-New Zealand region whereas 
this discontinuity is found to occur at a depth of 365 km for P waves and 340 km for S 
waves in the Japan region. The only difference that can be seen is that the P velocity 
gradient between 410 to 600 km depth is very small in the Tonga-Kermadec-New Zealand 
region, whereas in this depth range the P wave velocity gradient in the Japan region is 
much higher. However the P velocities in the Tonga-Kermadec-New Zealand region 
are much higher in this depth range about 3% higher, on the average, than in the Japan 
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region whereas at about 600 km depth, the velocity in both the regions is almost the same. 
This suggests that probably the temperature difference in the two regions is prevailing up 
to about 600 km depth and beyond this depth the temperatures in the two regions may 
be almost comparable. CIT 208 P wave velocity model given by Jounson (1969) ap- 
plicable as an average for the Pacific ocean basin and its immediate surroundings is also 
shown in Fig. 12 for comparison with our P velocity curve. This model has a low velocity 
layer between depths of 70 and 150 km and regions of rapid increase of velocity starting 
at depths of 390 and 620km. ‘The velocities given by CIT 208 model are substantially 
lower than those given by our P velocity curve thus showing that the velocities in the 
Tonga-Kermadec-New Zealand seismic region are much higher than the average values 
for the Pacific region. Therefore we can safely conclude that the mantle material beneath 
the Tonga-Kermadec-New Zealand seismic region is relatively colder (and denser) than 
the surrounding upper mantle material and as such the velocities are very high in this 
region. Fircn (1975), Mrrronovas and Isacxs (1971), Pascau et al. (1973) and Ursu 
(1967) have also reported that the inhomogeneity in the upper mantle structure is probably 
due to a relatively cold (hence denser) oceanic lithosphere which has been thrust down- 
ward in these regions and that there may be an average velocity contrast of 5-10%. 

JEFFREYS (1939) velocity curves for both P and S waves also reveal about 6°% lower 
velocities on the average, to a depth of about 500 km as compared to our P and S velocity 
curves for the Tonga-Kermadec-New Zealand region again showing that the velocities in 
this region are higher than average. ‘The shear velocity model SHR 14 given by HELm- 
BERGER and ENGEN (1974) for the Western United States is also shown in Fig. 13 for com- 
parison with our S velocity curve. The S velocity model SHR 14 also shows regions of 
rapid velocity gradients at depths of 375 to 425 km and around 500 km. However the 
S velocities given by SHR 14 model, especially to depths of 400 km, are substantially lower 
by about 8-10°% than those given by our S velocity curve. This shows that the velocities 
in the Western United States are also much lower than those in the ‘Tonga-Kermadec- 
New Zealand regions and as such the temperatures in the Western United States are 
probably much higher as compared to Tonga-Kermadec island arc region. 

The P velocity model SMAK I for northeastern Australia given by Smmpson et al. (1974) 
is shown in Fig. 12 for comparison. According to them, it has a low gradient in velocity 
up to about 300 km, a gradual increase in velocity between 300 and 400 km a minor zone 
of high velocity gradient near 520 km, a low gradient in velocity from 550 to 680 km and 
an abrupt increase in velocity near 680 km. It can be seen from Fig. 12 that our P velocity 
model reveals two sharp first order velocity discontinuities corresponding to the probable 
phase transformations of the mantle material at 410 and 600 km depths, whereas, SMAK 
I model shows a rapid increase of velocity between about 360-400 km depth and an abrupt 
increase of velocity at a depth of about 680km. However, an overall comparison of 
SMAK I model with our P velocity curve shows that the velocities in the Tonga-Kermadec- 
New Zealand region in the depth range from 100 to at least 400 km are substantially higher 
than those in the northeastern Australia. ‘This fact again supports our idea that there 
are large temperature differences prevailing even at great depths in the upper mantle 
beneath various regions. It can be seen from Fig. 12 that SMAK I model for northeast 
Australia is much closer to the P velocity curve for the nearby New Hebrides region given 
by Kara and Krisuna (1978). The velocity gradients in both the regions in shallower 
part are extremely small. It may be mentioned here that the source region involved in 
deriving the SMAK I model is New Guinea, New Britain and Solomon islands region, 
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where there are a number of active volcanoes as can be seen from Fig. 1. Same is true of 
the New Hebrides region where there are number of active volcanoes as shown in Fig. 1. 
The heat flow in these two regions is also quite high. All these observations suggest that 
probably the temperatures prevailing in these regions at depths are much higher than 
those in the Tonga-Kermadec-New Zealand region. The high temperatures prevailing 
at depths in the regions of New Hebrides, New Guinea, New Britain and Solomon islands 
are thus controlling the velocity gradients to a great extent and keeping the velocities 
almost constant to large depths of 200-300 km because most probably the mantle material 
there may be in a partially molten state. On the other hand the temperatures beneath 
the Tonga-Kermadec-New Zealand region seem to be less than the temperatures in those 
regions by as much as 1,000°C and therefore the P and S velocities and their gradients in 
this region, as determined in the present study, are much higher. 

Rosinson (1976) from the study of the relative travel time residuals for P waves at 
stations in the north island of New Zealand from 5 deep focus events in the Banda sea 
region found that the upper mantle velocity along paths to stations in the east of the north 
island should be higher than that along paths to the more western stations. He has 
explained this difference as due to higher than normal velocities in the oceanic lithosphere 
which is underthrust to depths of 350 km beneath the north island. After correction for 
crustal structure, he attributed an average difference in travel time of about 2.5 sec which 
can arise due to an average P wave velocity about 11% higher than in the surrounding 
mantle. According to Robinson this is only a rough estimate, which may be on the 
higher side, the actual difference may be substantially lower. However, the velocity in 
the underthrust lithosphere is found to be much higher than that in the surrounding mantle. 
Our P and S velocity functions also reveal much higher velocities in the Tonga-Kermadec- 
New Zealand seismic region which are quite consistent with these findings. 

BaRAZANGI and Isacks (1971) mapped in detail a zone of anomalously high seismic 
wave attenuation under the Lau basin, an interarc basin located west of or behind the 
Tonga island arc. High attenuation, or low Q, is often associated with low seismic wave 
velocities, and together they probably indicate anomalies in temperature or degree of 
partial melting in the mantle. Quantitative estimates of these thermal anomalies are 
more reliably determined from velocity data than from attenuation data, although observed 
effects of attenuation are the most prominent. AGGARWAL et al. (1972) reported extremely 
low compressional wave velocities of about 7.1 km/sec in the uppermost mantle beneath 
most of the Lau basin. The large difference of about 10-12% between P wave velocities 
beneath the Lau basin and those found by us in the present study beneath New Zealand 
probably requires partial melting in the upper mantle beneath the Lau basin. It can be 
seen from our Fig. | that the heat flow in the region of the Lau basin is comparatively 
much higher on the average than that found in the north island, especially in the eastern 
north island, of the New Zealand. Therefore, in our opinion, the high attenuation of the 
seismic energy and very low velocities found in the Lau basin are mainly due to very high 
temperatures prevailing there which is also evident from the very high heat flow values 
there. ‘The velocities of P and S$ waves although are normal at the top of the mantle, they 
are much higher at depths in the New Zealand region. These differences again substan- 


tiate our view that large temperature differences are mainly responsible for these velocity 
anomalies. 
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5. Conclusions 


From the present study of the upper mantle velocity structure in the ‘Tonga-Kermadec- 
New Zealand region from travel time data of P and S waves we can make the following 
conclusions. 

1) The P and S wave velocities in the inclined seismic zone beneath Tonga-Ker- 
madec-New Zealand region are about 6% higher than those in the adjacent New Hebrides 
seismic zone. The difference between them is almost negligible at the top of the mantle 
but is quite high about 10% at a depth of 240 km for P waves and about 7% at a depth of 
220 km for S waves. 

2) There are two first order velocity discontinuities at depths of 410 and 600 km for 
both P and S waves. 

3) The velocities for P and S waves in the Tonga-Kermadec-New Zealand region 
are also much higher (about 3 to 6%) than those in the Japan region to a depth of 600 km. 
These velocities are also substantially higher than those for the average upper mantle 
structure valid for the Pacific ocean basin and its surroundings. 

4) The P and S wave velocities in the inclined seismic zone beneath the Tonga- 
Kermadec-New Zealand region are the highest in the Pacific region. All these velocity 
anomalies, however, seem to exist only to a depth of about 600 km in the mantle and beyond 
that depth the differences get gradually minimized. 

5) Large velocity differences of the order of 6% can arise due to temperature 
differences of the order of 1,000°C. Such large lateral temperature differences may exist 
in the upper mantle up to a depth of about 600 km. 

6) ‘There is a decrease in the P and S velocity gradients at a depth of 230 km for P 
waves and 130 km for S waves which is presumed to be due to existence of high temper- 
atures at those depth ranges. This decrease in the P and S wave velocity gradients can 
be interpreted as the second order low velocity channel. 
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A morphological study of the Southern part of the New Hebrides island arc system 
makes it possible to define the different structural units: 

1) An accretionary prism with a constant width of approximately 75 km does exist; 

2) The morphology of this prism varies rapidly along the arc and is linked, firstly 
to the morphology and structure of the upper part of the dipping plate and, secondly to 
the presence of volcanic island acting as sediment sources; 

3) The island arc and its connecting structural features such as troughs at the rear of 
the arc, are disrupted by transversal discontinuities, the largest of which could be related 
to fractures of the oceanic crust of the dipping plate. 


1. Introduction 


The New Hebrides island arc (Figs. | and 2), stretching across roughly 1,500 km of 
the South-West Pacific, is a part of the Indo-Australian and Pacific plates boundary. As 
opposed to the majority of the peripacific arcs, the dip, as defined by seismicity, faces east 
towards the ocean; more precisely, the North Loyalty Plateau (Fig. 2) underthrusts the 
North Fiji Plateau, the origin and the nature of which still remains a subject of conjecture. 

The New Hebrides island arc (Fig. 2) is divided into three belts (MircHELL and 
WarbeEN, 1971): “‘a western belt comprising Espiritu Santo and Malekula, an eastern 
belt consisting of Maewo and Pentecost and a central chain which includes all the active 
and most of the recently extinct volcanoes.” The activity of this volcanic belt (Santa 
Cruz, Banks, Aoba, Ambrym, Epi, Erromango, Tanna) is related to the present subduc- 
tion, the origin of which is traced back to 7-8 my (Dueas et al., 1977). The western and 
eastern belts were formed previously during Oligocene and Miocene and were probably 
related to subductions involving possible changes of polarity (CARNEY and MacFarLane, 
LOT je 

In consequence, the northern and central parts of the arc are morphologically com- 
plex, whereas the southern part is far more straight forward. ‘This is apparently due to 
the sole Pliocene-actual subduction in existence. Furthermore the topography of the 
oceanic crust which makes up the upper part of the dipping plate is so uneven in the nor- 
thern and central parts that the depth is less than 2,000 m at the level of Torres Islands 
and the trench disappears at the level of Espiritu Santo and Malekula islands. Con- 
sequently it was decided to study the southern part of the arc between the islands of Efate 
and Tanna. The profiles shown (Figs. 3 and 5) were recorded during AUSTRADEC 


* AUSTRADEC group is an association of CEPM (Comité d’Etudes Pétroliéres Marines), CNEXO 
(Centre National pour l’Exploitation des Oceans), IF P (Institut Frangais du Pétrole), and ORSTOM (Office 
de la Recherche Scientifique et Technique Outre-Mer). 
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(AUSTRADEC group*) and EVA (ORSTOM) cruises of R.V. “Coriolis” and “Le 
Noroit,” R.V. ““CHAIN”? 800 and 900 (Woodshole Oceanographic Institute), H.M.A.S. 
“KIMBLA” (ORSTOM and the University New South Wales) and G.C. 30 of R.V. 
““Glomar Challenger (DSDP).” 

The most important morphological features are, firstly, the trench, particularly its 
inner slope, and secondly the troughs at the rear of the arc. 


2. Morphology of the Trench 


The morphology of the trenches associated with the subduction zones were studied 
by several authors especially following the conception of the accretionary prism (DickInson, 
1973; Karic, 1974; Karic and SHarMAn, 1975). The terminology used in this paper 
is taken from these authors. 

The inner wall of a trench can be divided into two sections: 

1) The lower slope, between the axis of the trench and the trench slope break; 

2) The upper slope, between the trench slope break and the upper slope discon- 
tinuity. 

The upper slope discontinuity marks the tectonic boundary between the accretionary 
prism and the frontal arc. 

Karic and SHARMAN (1975) assumed three principal configurations of the accretion- 
ary prism, according to the type of accreted material and its subsequent morphology: 

1) The simplest type represented by the Tonga and Mariana island arc systems 
characterizes the trenches accreting high density and high velocity material ; 

2) In the second type represented by Sumatra, Java and Luzon, the trench slope 
break is made up of a sedimentary ridge caused by the sediment feed at the base of the 
slope; 

3) In the third type, represented by Eastern Aleutian, Japan and Middle America 
arcs, sediments from the frontal arc fill the upper slope and form a broad continental shelf. 

According to Karic and SHARMAN (1975), the inner slope of the New Hebrides island 
arc system represents the initial stage of the first type of configuration. Nevertheless, 
Dueas et al. (1977) and Ravenne et al. (1977), in their general description of the arc, 
showed that the different morphostructural units were clearly distinguishable, and stressed 
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Fig. 2. New Hebrides island arc. Submarine con- 
tours are in km. The axis of the trench is shown by 
hachured area inside of the 6 km isobath. NC, New 
Caledonia; S, Solomon; NLP, North Loyalty 
Plateau; NFP, North Fiji Plateau. 


the differences between the northern part, the central part (where the trench disappears) 
and the southern part. Furthermore, in this southern part, it was shown (DaniEL, 1978) 
that the morphology of the inner slope varied considerably over short distances. 

A bathymetric chart substantiating these variations was drawn up in this southern 
part (Fig. 3) through several profiles interspaced at 10-15 km. 


2.1 Outer wall of the trench 

The outer wall of the trench is formed by the North Loyalty Plateau. The depth of 
this plateau is always approximately 4,500 m. However, as can be seen on profile G.C. 
30 (Figs. 3 and 4), it appears that a deepening exists in the north which confirms the older 
age in the north shown by magnetic anomalies (LAPOUILLE, 1978). 

The outer slope of the trench itself (Fig. 5) has varied configurations: faulted and 
extremely steep on the CHAIN profile, it becomes more subdued on profile AUS 113, 
then becomes faulted on profile EVA 201 and finally becomes infinitely more subdued in 
the south. On the whole, however, the slope is steeper in the northern part of the studied 
area. The appearance of the slope is qualified both by thickness of the sediments: in the 
south the thickness is greater and the slope is more subdued, and by the configuration of 
the basement itself. 


2.2 Trench 

It is clear from the bathymetric chart (Fig. 3) that the curve of the trench axis is 
slightly arched. It would be necessary to know more precisely the termination of the 
trench in North-West Efate so as to pinpoint the extend of this curve. Furthermore, as 
pointed out on the 5,000 m isobath the trench tends to widen in the South, 
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Fig. 4. G.C. 30 (Glomar Challenger) profile on the North Loyalty Plateau. 


2.3. Inner wall of the trench 

From the 6 profiles shown on Fig. 5, it can be seen that the inner slope varies con- 
siderably from one profile to another although the width of the accretionary prism (between 
the axis of the trench and the upper slope discontinuity) remains virtually constant at 
approximately 75 km. Four types of inner slopes can be determined by grouping them 
in twos (Fig. 6). 

Group A. ‘These refer to the slopes observed in the northern part of the studied area: 
both flanks of the trench are fairly steep and the configuration of the upper slope differs 
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Fig. 5. Bathymetric and seismic reflection profiles across the New Hebrides 
island arc. Profiles are normalized to the trench axis (broken line). Arrows 
show the upper slope discontinuity. 


Fig. 6. Sketch of different types of inner slope of the 
trench observed in the studied area. 
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Fig. 7. Comparative bathymetric profiles across inner trench slopes of the New Heb- 
rides [CH (Chain) and AUS (Austradec) 113], Ryukyu (R) and West Luzon (L) 
(from Karic and SHARMAN, 1975). 


according to whether or not there is a neighbouring island to serve as a source of sedi- 
mentation, 

Type Al: shown on profile AUS 113; the lower slope is steep and the upper slope is 
more subdued. 

Type A2: shown on the CHAIN profile is a more developed form than the previous 
one: the upper slope has been modified by sediments from the island of Efate. 

Group B. ‘These are the slopes observed in the south: both flanks of the trench slope 
are gentle, and, as in the previous case, the upper slope may be modified by sediments 
from the arc. 

Type Bl: shown on profile EVA 201. The trench slope break between the lower 
and upper slopes is clearly defined. 

Type B2: shown on profile EVA 317. The slope is straightened out by sediments 
from the island of Erromango. 

Therefore, a wide variety of inner slope forms can be seen to exist over roughly 
220km. For reasons of comparison, it is also useful to note (Fig. 7) that on neighbouring 
profiles such as CHAIN and AUS 113, where the distance is less than 50 km, the inner 
slopes are very similar to those observed on slightly older arcs with wider accretionary 
prisms which, according to Karic and SHARMAN (1975), are characteristic of two different 
types of accretion. In our interpretation, within both morphological groups A and B, 
type 2 is derived from type | according to the extend of sedimentation from the arc. 
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Fig. 8. Comparative magnetic anomalies and bathymetric profiles 
AUS 113 (solid lines) and EVA 201 (broken lines). 


Fig. 9. Relative positions of the troughs at the rear of the 
New Hebrides island arc, the trench and the upper slope 
discontinuity. Double lines show major fractures. 


According to our observations, there is a link between the inner and the outer flanks of 
the trench and therefore a tendency to symmetry. One is tempted to deduce that the 
form of the outer flank determines the inner flank. However, is this merely a question of 
morphology or, as observed by Karic and SHARMAN (1975) is there a difference in the 
type of accreted material? Magnetic anomalies along AUS 113 and EVA 201 profiles 
(Fig. 8), morphologically very different, are not different enough to permit definite con- 
clusions to be drawn concerning a change of the nature of accreted material. 


3. Morphology of the Troughs at the Rear of the Arc 

The troughs at the rear of the New Hebrides island arc, discovered during the Coriolis 
cruises (PurcH and REICHENFELD, 1969) were described as ‘“‘en echelon inter-arc basins” 
(Karic and Mammerickx, 1972), or extensional fault troughs (LuyENDYK ¢ét al., 1974) 
and as tectonic troughs (Dusors e¢ al., 1975, 1978). The latter authors presented a de- 
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tailed study of the troughs for all the New Hebrides arc and conclude that their formation 
must be originated in the asthenosphere. 

The bathymetric chart (Fig. 3) pinpoints the position of these troughs and one can 
particularly see (Fig. 9) that the northernmost trough is clearly discontinued at both ends, 
probably on major fractures. The fracture which shifts the trough at the island of Er- 


AUS 113 


Fig. 10. Morphology of the troughs at the rear of the New 
Hebrides island arc. The intensity of vertical movement 
is proportional to the length of the arrows. 
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Fig. 11. Comparative widths and positions with respect to the trench axis of the trough at the 
rear of the New Hebrides island arc (NH) and similar structures on Tonga (T), Ryukyu (R), 
and Marianna (M) island arcs. 
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romango is furthermore located in the extension of one of the irregularities observed on 
the dipping plate (on profile G.C. 30 at K 302, Figs. 3 and 4). 

As observed by Dusors et al. (1975, 1978), the form of the troughs varies considerably. 
It is noted (Fig. 10) that the downthrow faults are, accordingly, roughly defined on one 
side or the other of the troughs. Despite these variations in the detailed configuration, 
the general form suggests (Fig. 10) a formation by vertical movements. The variations in 
the intensity of positive and negative vertical movements of horsts and grabens are sufficient 
to modify the form. 

One can attempt to compare these troughs to equivalent structures on other arcs. 
Profiles of the Fig. 11 show morphologies which are comparable, without having neces- 
sarily the same origin. The troughs of Ryukyu and Mariana island arcs are inferred to 
have an origin similar to that of the troughs of the New Hebrides (Dusors et al., 1975, 1978) 
but to be at different stage of development. For the Tonga island arc it must be noted 
that the profile presented is not representative of the whole of the arc (J. Dupont, personnal 
communication). 


4. Concelusions 


The morphological study of the southern part of the New Hebrides island arc allowed 
us to pinpoint the various structural units and propose some assumptions which need to be 
substantiated by other methods. 

1) There is an accretionary prism with a constant width of approximately 75 km. 

2) The morphology of this accretionary prism varies extremely rapidly along the 
arc and is controlled, firstly, by the morphology of the dipping plate and secondly by the 
existence of sources of sediments on the arc. 

3) The arc and its connecting structural features, such as the troughs situated at its 
rear, show transversal discontinuities. 

4) Major discontinuities of the arc could be related to those of the oceanic crust of 
the dipping plate. 
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Upper Triassic shale from central Seram gives a direction of magnetization (D=82, 
I=23) which (assuming, as seems probable, that it was acquired before folding, and during 
a period of reversed magnetization) indicates Seram lay in 12+7°S latitude and has rotated 
anticlockwise 98° since the late Triassic. The equivalent (south) palaeomagnetic pole is 
at S°N, 207°E. 

Pillow basalt of late Miocene age, from Kelang Island, west Seram has a magnetic 
vector D=106, J=9, indicating extrusion in 5°S latitude, and anticlockwise rotation of 
74°. The equivalent (south) palaeomagnetic pole is at 16°S, 214°E. 

These results, although only of a reconnaissance nature, are consistent with the postu- 
lations of various authors that Seram has rotated anticlockwise in late Cainozoic. 


I. Introduction 


During the course of an expedition to the Banda Arc, east Indonesia, in 1976, the 
writer made collections of orientated samples (cores and hand-specimens) for palaeo- 
magnetic measurements. Accessible exposures of rocks suitable for palaeomagnetic research 
are rare in the Banda Arcs; many of the rocks are metamorphosed, and large sections of 
the coastlines are built of raised Quaternary coral reefs, so few sites could be sampled. Re- 
sults recorded here are from Triassic shale in the central section of the south coast of the 
Main Island of Seram, and late Miocene basaltic lavas from Kelang Island, immediately 
west of Seram. The only other available palaeomagnetic results from the Banda Arc 
(CHAMALAUN, 1977), indicates that Timor (or at least the ‘‘autochthonous” part of it) 
may have been part of the Australian plate in the Upper Permian, and since then has 
rotated 21° anticlockwise. 


2. Triassic Shale 

The shale sampled is exposed in the Punala stream above the Yapui tributary (Fig. 2). 
The shale is grey, in part sandy, and in the section sampled strikes 118° and dips southwest 
at 49° to 60°. The several exposures sampled represent about 10m of strata. ‘These 
rocks were mapped by Rutten in 1917-1919, and his map of the stream and his detailed 
field notes published by GermMERAAD (1946, pp. 23, 97-98). The strata belong to an 
extensive outcrop of what Germeraad calls ‘““The Normal Triassic’”’ consisting of shale, 
graywacke, conglomerate, marls and limestone. From shale in the Punala stream col- 
lected by Rutten, KrumBeck (1923) identified Halobia deningeri Krumbeck and Halobia 
sp. nov., indicating Upper Triassic, probably Carnian. 


* Present address: 53, Nyewood Lane, Bognor Regis, Sussex PO21 25Q, England. 
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Fig. 1. Map showing the Banda Arcs, with position of Seram and Kelang. 


3. Basaltic Lava 


The lavas were sampled from coastal exposures on the southwest cape of Kelang Island, 
west of the Main Island of Seram (see Figs. 1 and 2). There basaltic lava flows, mostly 
pillowed, some massive, form cliffs up to 30 m high. 

The pillow lavas appear to be rather flat-lying with locally an impression of dips to 
the west of 27° to 60°. Some non-pillowed flows show dips of 35° to the east. The sam- 
ples represent a number of flows, at least four, and possibly more. The lavas appear 
to pass up into tuff agglomerates and be part of volcanic formation which extends to a 
summit towards the southeast corner of the island, in the upper part of which large-scale 
vertical columnar jointing can be seen from the sea. Because of this vertical jointing, I 
consider the dips on the lava flows to be primary, and not due to tectonic tilting or folding, 
which is confirmed palaeomagnetically (see below). The pillowed lavas probably repre- 
sent the part of lava flows which flowed into the sea, and have subsequently emerged 
due to the tectonic uplift which affected most of the Banda Arcs in the Quaternary. 

Age of the lavas. Radiometric dating of the lavas by the K/Ar method indicates a late 
Miocene age of 7.6+1.4 Ma (BeckINSALE and NAKAPADUNGRAT, 1979). 
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Fig. 2. A, Seram showing Punala site (TR, Upper Triassic) 
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Table 1. Direction of magnetization of Triassic shale and Cainozoic basalt from Seram (after cleaning). 
Triassic shale, Punala River Late Miocene basalt, Kelang Island 
Sample Field position Corrected for tilt Sample Field position — Sample Field position 
number D Hi D ii number D if number D T 
H461 61 —15 68 35 H530 104 2 H548 157 9 
H462 Gi. —14 83 26 H531 105 8 H549 127 di 
H463 63 —29 61 22 H532 105 —1 H573 351 30 
H464 44 —29 44 29 H533 97 8 H574 109 11 
H465 94 2 107 22. H534 99 11 H576 108 4 
H466 68 —17 73 29 H535 101 11 H577 113 1] 
H469 197 13 193 —47 H536 80 0 H578 112 7 
H470 TD —15 89 25 H537 80 4 H579 108 9 
H471 86 —43 118 12 H538 103 7 H580 100 7 
H472 92 —25 83 8 H539 101 5) H581 99 9 
H474 72 —5 86 36 H540 106 13 H582 109 12 
H475 90 —26 80 2 H541 124 14 H583 94 12 
H480 156 —23 134 —/1 H542 105 5 H584 107 12 
H543 107 8 H585 113 26 
H544 102 l H586 109 8 
H545 98 18 H587 110 12 
H546 89 6 
H547 115 16 


“Field position” means with respect to horizontal; “corrected for tilt’ with respect to bedding plane. 


D=declination east of north; 7=inclination, positive downwards, negative upwards. H469, H480, H573 
omitted from the mean, as clearly aberrant. 
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4. Palaeomagnetic Results 

Orientated core samples 95 mm in diameter were drilled in the field, and later meas- 
ured on a DIGICO complete results spinner magnetometer in the Department of Geology, 
University of Malaya, with results shown in Table 1. 

Triassic shale. Initial intensities range from 0.1 to 0.38 mA m-!. All samples were 
thermally demagnetized stepwise. The magnetization of the shale is poorly to moder- 
ately stable. Of the 23 samples collected, 13 which showed Briden indexes (BRIDEN, 
1972) more than 0.75 at all temperatures above 100°C were selected, with results shown 
in Table | and Fig. 3. 

Miocene basalt. Initial intensities range from 1,000 to 9,000 mA m~1, falling on AF 
cleaning to 40-100 mA m~! at 90 mT, with the direction of magnetization showing little 
change. Pilot specimens were demagnetized stepwise by AF, and from the results the 
rest of cleaned at 20 or 60 mT. Results are shown in Table | and Fig. 3. 

The palaeomagnetic directions show increased scatter if correction for the apparent 
dips of the lava flows is made, and this, together with the stable nature of the magnetiza- 
tion, indicates that the directions represent a primary thermal remanent magnetism 
acquired on cooling, and that the dips are original, and not due to tectonic tilting. If so 
the directions of the magnetic vectors uncorrected for tilt (field position) represent the 
direction of the magnetic field at the time of extrusion of the lavas. Not much difference 
in the mean is obtained by first meaning the samples from each flow (where separate 
flows can be differentiated), and as the total number of flows represented by the samples 
is uncertain, the mean of the 33 samples has been given (Table 2). 


Fig. 3. Stereographic projections showing the cleaned directions of 
magnetization for (a) Kelang Miocene basalt, inclination relative 
to horizontal (b) Seram Triassic shale, inclination relative to 
bedding plane. Directions in parentheses omitted from the mean. 
Solid symbols on lower hemisphere, open symbols on upper hemi- 
sphere. 
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Table 2. Mean direction of magnetization of Triassic shale and Late Miocene pillow basalt 
from Seram. 


n T°/B D I R k a95 

Triassic shale, Field position 11 = 200-300°C 78 —19 10.3687 15.8 11.8 
cleaned 

Corrected for tilt 11 200-300°C 82 23 10.2863 AO IPAS 

Cainozoic Field position 33 20-60 mT 106 9 32.0314 33.6 4.3 


n, No. of samples; D, declination east of true north; J, inclination, position downwards; 
R, resultant of the n unit vectors; k, precision parameter; ag5, radius of circle of 95% con- 
fidence about the mean; T°/B, demagnetizing field in °C or mT. 


5. Significance of the Results 


Seram forms part of the double island arc—the Banda arcs—which extends northeast 
from Timor and curves through a tight semi-circle at its eastern end. Seram lies on the 
northern side of the arcs, and forms part of the outer arc, composed of sedimentary, igneous, 
and metamorphic rocks including Palaeozoic and Mesozoic formations, whereas the inner 
arc is of islands formed by young volcanoes, many still active. 

A Benioff zone extends along at least part of the arc (STorBER and Carr, 1971), and 
its geometry, in such a tightly looped arc system, poses problems of space and movement 
of the underthrusting plate. It has been suggested that the northern arm of the arc is now 
less active (ANoNymous, 1974, p. 42). The tight curvature of the arc has led to the sugges- 
tion that the northern arm has rotated anticlockwise by a large amount. Carey (1938; 
1958, pp. 280-287, Fig. 51; 1963, Figs. 11, 31) suggested an anticlockwise rotation of about 
180° for both Seram and Buru based on an expanding-Earth model. His more recent 
reconstruction (1976, Fig. 79) involves an anticlockwise rotation of about 110°. Other 
hypotheses also envisage anticlockwise rotation of the arc in late Cainozoic times, either 
combined with considerable northward motion, together with Australia, and with sub- 
duction of a broad intervening oroganic belt (AUDLEY-CHARLES ef al., 1972; CaRTER et al., 
1976), or with more of a westward motion connected with the westward impingement of 
New Guinea, carried on the Pacific Plate (Moperty, 1972). CarrTER et al. (1976) sug- 
gest that the situation is even more complex, in that Seram (with the other islands of the 
outer Banda Arc) is composed of elements formed along the southern margin of Sundaland 
during the late Palaeozoic and Mesozoic, onto which elements formed along the Australian 
margin were thrust in early Cainozoic. In their reconstruction of the early Mesozoic 
continental margin of Australia, AUDLEY-CHARLES ef al. (1975) showed the islands of the 
outer Banda Arcs including Seram forming part of the continental shelf and slope of 
northern Australia, with Seram in the same position relative to Australia as it occupies 
today, but rotated nearly 180° clockwise. 

The “palaeocontinental’”’ map for latest Triassic of SmMrrn and Brien (1977, Map 12) 
also shows Seram in its present position relative to Australia but rotated about 45° clock- 
wise (see Fig. 4). The Audley-Charles and Smith/Briden reconstructions involve a palaeo- 
latitude of 23° or more for Seram in the Triassic. 

Triassic results. The Triassic palaeomagnetic results, from rocks with rather low 
stability, and without the possibility of a fold test, should be treated with caution. Never- 
theless, the reasonably good grouping, and wide divergence of the declination from that of 


196 N.S. Harte 


POSSIBLE POSITIONS 
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Fig. 4. Position of Australian Continent in latest Triassic, 
according to Smith and Briden, with position(s) and 
attitude of Seram. If the Triassic site gives a valid palaeo- 
magnetic direction (see text for discussion), Seram could 
have lain at any longitude along between 7° and 19°S, 
to satisfy the palaeomagnetic data. 


Table 3. Possible interpretation of the Triassic palaeomagnetic data. 


Time of acquisition Polauié Inclination Equivalent Rotation since time 
of magnetization ees A (degrees) palaeolatitude of magnetizations 
1. Triassic, before folding A. Normal 23 12°N 82° clockwise 
B. Reversed 23 12°N 98° anticlockwise 
2. After folding (late A. Normal 19 10°S 82° clockwise 
Mesozoic, or Cainozoic) B. Reversed 19 10°N 98° anticlockwise 


Possibility 1B seems most likely. See text for discussion. 


the present field indicate that the magnetization was acquired before rotation of Seram 
into its present position. Assuming that the directions represent a true palaeomagnetic 
direction (i.e. an average of the earth’s magnetic field at some time), the possibilities are 
that the magnetization was acquired either before folding (presumably at or soon after 
deposition in the Triassic), or after folding (in the later Mesozoic or the Cainozoic). 
The various possibilities are shown in Table 3. From the configuration of the Banda 
Arc it seems most probable that Seram has rotated anticlockwise, and moved north, and 
so possibility 1B is most likely, namely that the rocks acquired their magnetization before 
folding, were formed in 12 (+7) °S latitude, and have since rotated 98° anticlockwise and 
moved north some 9° to their present position. On this assumption, a palaeomagnetic 
south pole at 8°N, 207°E can be calculated, widely divergent from the palaeomagnetic 
Mesozoic pole for Australia at 48°S, 151°E (McE uinny, 1973, p 228). The palaeo- 
latitude of 12°S is lower than the 23° or so which would be expected if Seram had been 
adjacent to the Australian plate in the Triassic, but in view of the substantial colatitude 
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Table 4. Palaeomagnetic (south) pole position for Seram (mean of virtual geomagnetic poles). 


Site co-ordinates Pole co-ordinates 


Location Age K A 
= Lat. Long. Lat. Long. Z 2 

Punala River U. Triassic* 3.3°S 129.1°E 8°N 207°E 11 2, 220 

Kelang ? Cainozoic 5.225, 127.8°E 16°S 214°E 5A) Oa 0) 


Island 


n, No. of samples; K, precision parameter; Ags circle of 95% confidence about mean pole position. 
After cleaning and correction for tilt. Polar errors: Triassic shale dp=7.1, dm=13.4; Cainozoic 
basalt dp=2.2. dm=4.3. 


* Assuming magnetization was acquired before folding, during a reversed magnetic epoch. 


error (dp) of 7°, and the other uncertainties, the results should not be taken as disproving 
a Close relation to Australia, as is shown by some authors. However, since Seram has 
clearly moved independently of the Australian plate since the Triassic, there seems no 
particular reason why it should have been connected to Australia in the early Mesozoic, 
as is shown, for example, by SmirH and Bripen (1977, Map 9). 

Miocene results. The results from the Miocene basalts of Kelang are less equivocal. 
On the assumption that these rocks have not been significantly tilted since their extrusion 
(evidence for which is discussed above), and that rotation of Seram has been anticlockwise, 
the lavas were intruded during a reversed magnetic epoch, at about 5°S latitude (present 
latitude 3.2°S). Subsequently they have rotated anticlockwise by 74°. A palaeomagnetic 
pole, almost certainly a south pole, at 16°S, 214°E is defined (Table 4). 

This fits well with the model of AUDLEY-CuHar_Es et al. (1972, Fig. 5), which involves 
an anticlockwise rotation of Seram of some 70° since the Middle Pliocene, combined with 
some north-northwest translational movements. 


6. Conclusions 


The data together indicate anticlockwise rotation of Seram of 98° since the late Trias- 
sic; 74° of this rotation was accomplished since the extrusion of the pillow lavas, probably 
in late Miocene. 

This suggests that the tight curvature of the Banda Arc is probably secondarily ac- 
quired, rather than a primary feature, if we assume that the southern part of the arc has 
not rotated so much, for which the only palaeomagnetic evidence is that of Chamalaun, 
noted above. It is desirable that these preliminary results be augmented by further 
work designed to provide a partial apparent polar wandering curve for Timor and Seram. 


The field work was made possible by the excellent planning and logistics of the Geological Survey of 
Indonesia (GSI) under the leadership of Drs H.M.S. Hartono, with Encik Suwarno Darsopajitno organizing 
local transport. Encik M. Suparman (GSI) and Encik D. Krishnan (University of Malaya) made up, with 
myself, the palaeomagnetic field team. The participation of the University of Malaya team was made 
possible by the active support of the Vice-Chancellor, Prof. A. Ungku Aziz, and by financial assistance from 
CCOP (of UN/ESCAP), PETRONAS, and Exxon Geology Fund. 

The writer was assisted in the laboratory measurements by Encik Lee ‘Tiew Hong. 
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A LATE MIOCENE K-Ar AGE FOR THE LAVAS OF 
PULAU KELANG, SERAM, INDONESIA 


R.D. BecKINSALE and S. NAKAPADUNGRAT* 


Institute of Geological Sciences, London, U.K. 
(Received September 8, 1978) 


K-Ar determinations for ten samples of the basaltic lavas of Pulau Kelang, Seram 
(for which palaeomagnetic measurements indicate a reversed palaeomagnetic pole at 16°S, 
214°E) yield a mean age of 7.6+1.4Ma. Direct evidence for the age of the lavas is lack- 
ing. This K-Ar date confirms a previous inference based on young topographic features of 
the island that the lavas are of late Cainozoic age and allows a more precise stratigraphic 
assignment to the Upper Miocene. 


I. Introduction 


K-Ar age determinations for ten samples of the basaltic pillow lavas of Pulau Kelang, 
Seram, East Indonesia, are reported below. This study is part of a project undertaken to 
establish a temporal and palaeomagnetic framework within which to interpret palaeomag- 
netic studies in North Sumatra in terms of the movements and extents of the tectonic plates 
in S.E. Asia. Palaeomagnetic measurements and the field occurrence of the lavas of 
Pulau Kelang have been reported by Harte (1978) who concluded that they yield a 
magnetic vector indicating extrusion in latitude 5°S, an anticlockwise rotation of Seram 
of 74° since the extrusion of the lavas and a palaeomagnetic (south) pole of 16°S, 214°E. 
Although Haire (1978) inferred a late Cainozoic age for the lavas from young topographic 
features of the island, direct evidence for the age of these lavas is lacking. It is evident 
that a radiometric age would enhance the significance of the palaeomagnetic data in terms 
of both a pole reversal timetable and the geological history of S.E. Asia. 


2. Analytical Methods and Results 


Rock and core samples used for palaeomagnetic studies were provided by Professor 
N.S. Haile and the sample localities are given in his paper (Harte, 1978). Each sample 
was crushed and sieved to a powder with a grain size between 60 and 80 mesh. Potassium 
contents were determined in replicate by flame photometry using an internal lithium stand- 
ard. Argon was determined by standard methods involving extraction of argon from the 
sample powder by fusion in vacuo and analysis by mass spectrometric isotopic dilution 
using a 38Ar spike. The results are set out in Table 1. The argon analyses proved 
difficult because of extremely high contents of atmospheric argon in most of the samples. 
The argon analysed in most cases consisted of more than 95°% atmospheric contamination. 
It is well known that high levels of atmospheric contamination yield K-Ar ages with very 
large analytical errors (see e.g. DALRYMPLE and LANPHERE, 1969) and we have ignored 
the analyses in Table 1 in which the atmospheric argon content is greater than 97.5% 


* Permanent address: Department of Mineral Resources, Rama V1 Road, Bangkok, Thailand. 
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Table 1 
Radiogenic 4°Ar we 
Sample No. Mean K (%) = : mee ae ea ans 
/ nl/g Yo 
H 530 0.458 0.0834 Md) 4.74+1.2 
Feo Si 0.309 0.1271 4.1 10.6+3.8 
H 534 0.363 0.0954 Ben, 6.8+2.3 
H 539 0.458 0.1024 5.2 5.8+1.5 
H 549 0.446 0.1141 4.5 6.6+1.3 
lel Sys 0.413 0.0489 Dat 3.0+1.9* 
H 575 0.454 0.1680 Sys) 9.54+3.1 
H 584 0.438 0.0226 0.8 1.3+1.1* 
UM 8509 0.350 0.1235 4.9 9.1+1.8 
UM. 8539 0.757 0.1935 18.8 TA+16 6.6+1.1 
UM 8539 0.757 0.2407 12.3 re 8.2+1.0 
Overall mean 7.6+41.4 Ma (error 2SE) 


+ Decay constants as recommended by IUGS Subcommission on Geochronology 
(STEIGER and JAGER, 1977). 
* Excluded. 


(i.e. radiogenic 4°Ar less than 2.5°%) because in these cases the analytical errors associated 
with the ages rise to more than 60% of the calculated age values. The 4°Ar/?6Ar ratio of 
atmospheric argon was determined frequently during the course of these analyses and 
appropriate corrections to measured isotope ratios were made for mass spectrometric 
discrimination. The data remaining in Table 1 (after excluding the analyses with more 
than 97.5°% atmospheric argon) give a mean age of 7.6--1.4 Ma after first averaging the 
two results for sample number UM 8539. The quoted error is two standard errors. It is 
important to note that the only sample which yields a reasonable content of radiogenic 
40Ar is UM 8539 with about 85°% atmospheric contamination. The two K-Ar ages for 
this sample yield a mean value of 7.4+1.6 Ma. It is also important to note that within 
errors there is no correlation between the calculated K-Ar age and potassium content and 
thus no evidence for the presence of significant amounts of excess 4°Ar which could produce 
spuriously old ages. 


3. Conclusions 


The lack of evidence for the presence of excess 49Ar and the concordance between the 
overall mean of the more reliable data in Table | and the average age for sample number 
UM 8539 which is the most reliable result from an analytical point of view suggest that 
the mean age of 7.6+1.4 Ma is a valid measurement of the date of (rapid) cooling of the 
pillow lavas after extrusion. According to the Geological Society Phanerozoic time-scale 
1964* and allowing for the use of new values for the decay constants of 4°K the stratigraphic 
assignment of this age would be within the range Lower Pliocene to Upper Miocene. 
However on the more recent Cainozoic time scale of BERGGREN (1972) and BERGGREN and 
VAN CouveERING (1974) the Pliocene-Miocene boundary is placed at 5 Ma and within 
errors the lavas of Pulau Kelang lie entirely within the late Miocene. 


We are grateful to Professor N.S. Haile for providing samples from Pulau Kelang, Director Institute 
of Geological Sciences for permission to publish this paper, and Dr. J.V. Hepworth, Head of Asia Unit, 
Overseas Division, Institute of Geological Sciences for his encouragement. 


* Quart. J. Geol, Soc. Lond., 120s, 
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A SURVEY OF PALEOMAGNETIC DATA ON MEXICO 


Surendra PAL 


Instituto de Geoftsica, Universidad Nacional Auténoma 
de México, México 20, D.F., Mexico 


(Received June 10, 1978; Revised August 22, 1978) 


A compilation is given of all the pole positions either calculated from or given in several 
paleomagnetic studies carried out so far on Mexican regions. These are compared with 
the paleomagnetic data from North America (N.A.). The results (Oligocene data) clearly 
show the presence of relative tectonic movements of the Western Cordillera. The data 
for Recent to Miocene age seem to be consistent with N.A. data except Pliocene pole posi- 
tions for Baja California which is taken as an evidence of movement of Baja California 
relative to Mexico or North America. The Mesozoic pole positions are also considered to 
show the possibility of tectonic instability of Mexico relative to ‘stable’ North America. 
Practically no work has been done so far on older rocks (Pre-Mesozoic) of Mexico. 


1. Introduction 


As paleomagnetism can contribute significantly to the understanding of the tectonic 
evolution of Mexico, an effort is made in this work to analyze the significance of all the 
paleomagnetic data available on Mexican rocks. One such attempt was earlier made by 
Pat and Urrutia (1977) and the possibility of relative movements of Mexican regions 
with respect to ‘stable’ North America was pointed out. Since then, the author has been 
able to get access to more paleomagnetic data (unpublished as well as published) which 
warrants their reexamination. 


2. Compilation of Data 


The locations sampled for different paleomagnetic studies are shown in Fig. 1. _ Paleo- 
magnetic data on Mexico has been summarized in Table 1. When an original reference 
did not include pole positions, these have been calculated from the magnetization direc- 
tions reported by their authors. Pole classification has been done using the criteria of 
Irvinc et al. (1976a). The data on pole positions from North America has been compiled 
in Appendix I for easy reference. Mean pole positions computed using selected data are 
given in Table 2. The analysis of the implications of paleomagnetic data from Mexico 
will be presented in the following. 


3. Implications of Data 


The Quaternary poles for Mexico are from rocks of the so-called Mexican Volcanic 
Belt (MVB), except one pole (M 12.1) which is from Baja California. If one plots these 
poles on a conventional stereographic projection, one can see (Fig. 2) that the pole for Baja 
California lies apart from other poles and its oval of confidence (dp, dm) hardly intersects 
the circle of confidence of the Mexico’s Quaternary poles (MVB). However, the Baja 
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Fig. 1. A map showing locations of the areas where paleomagnetic studies have been car- 
ried out. 1, Valley of Mexico (M 12.2—-12.6, 11.21, 11.22, 11.41, 11.62); 2, Huasteca, 
Hidalgo (M 11.1); 3, Santiago, Jalisco (M 11.2, 11.23, 11.42); 4, NE Jalisco (M 11.61); 
5, San Felipe, Baja California (M 12.1, 11.3); 6, Tepalcates-Navios, Durango (M 
11.63-11.66); 7, near Tampico, Tamaulipas (Mendez shale: M 10.1); 8, Saltillo, 
Coahuila (M 10.2); 9, Cd. Victoria, Tamps. (M 9.1, 8.11); 10, Cuesta La Murella, 
Coah. (M 9.2); 11, Cintalapa, Chiapas (M 9.3); and 12, Gémez-Palacios, Durango 
(M 8.1). 


California Quaternary pole may not represent a paleomagnetic pole position but simply a 
virtual geomagnetic pole, so that the discordance mentioned above may not have any 
tectonic significance. STRANGWaAy ef al. (1971) have concluded that this pole position 
(M 12.1) obtained from muds of Recent age is close to that of the present magnetic pole 
and that at the 95° level there is no significant difference between the direction of mag- 
netization recorded in these Recent muds and the direction of the local magnetic field. 
On the other hand the mean Quaternary pole for Mexico does seem to represent a paleo- 
magnetic pole and is not significantly different from the mean Quaternary pole position for 
North America (Table 2). This suggests that no discernible tectonic movement of the 
MVB (relative to North America) can be deduced during the Quaternary. 

Paleomagnetic information on Pliocene rocks from Mexico is rather poor. Never- 
theless the Pliocene pole from Baja California (M 11.3) is significantly different from the 
other two Pliocene poles from Mexico. SrTrancway ef al. (1971) discussed the tectonic 
implications of the Baja California Pliocene pole. Tectonic movement of the collection 
sites seems to be required no matter whether one compares this pole position with Mexico’s 
or North America’s mean Pliocene poles. 

Mio-Pliocene data from Mexico is also meager and somewhat scattered. The mean 
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Fig. 2. A comparison of Baja California Quater- 
nary pole (M 12.1) with Mexico’s Quaternary 
mean pole. Note that the data are plotted on 
polar stereographic projection north of 60°N 
latitude in this as well as all the other figures. 


Oligocene poles 
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Fig. 3. A comparison of Western Cordillera 
Oligocene poles with the ‘stable’ N.A. Oligo- 
cene data (mean poles and circles of a95 are 
also plotted). 
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poles from Mexico and North America for this age again are not significantly different. 
This is also true for the Miocene poles. Thus with the present data significant tectonic 
movements of Mexico relative to North America cannot be deduced as far back as the 
Miocene times. However, the picture becomes interesting when we consider the Oligo- 
cene data. 

The Oligocene poles from Mexico form a coherent group. From a paleomagnetic 
study of Tertiary igneous rocks from NE Jalisco, Mexico, Urrutia and Pat (1977) pointed 
out the possibility that the sampling sites of Mexico have undergone a rotation since the 
rocks were magnetized. The results presented by Urrutia and Pat (1977) on the mean 
Oligocene poles were such that the mean pole for Mexico fell outside the a95 of mean pole 
for North America and vice versa. The two ag5 circles, however, did intersect. 

GUERRERO (1973, 1976) obtained pole positions from Oligocene ignimbrites and 
observed that these positions did not agree with the N.A. poles of similar ages. GUERRERO 
(1973) observed three reversals (four polarity periods) in an ignimbrite sequence (180 m 
thick). He also obtained a Rb-Sr isochron age on some selected samples. Although the 
pole position obtained in this study (M 11.65) did not agree with Tertiary poles of North 
America, GUERRERO (1973) deferred from giving any tectonic implications at this stage 
until more data could be obtained on more rock units from this area. Later GUERRERO 
(1976) carried out a more detailed study of the ignimbrite sequences and observed at least 
five reversals (six polarity periods) in a composite magnetostratigraphic section. The 
mean position (M 11.64) obtained was still divergent and was considered by GUERRERO 
(1976) to be due to the fact that secular variation has not been completely averaged out 
for the number of flows analyzed and the span of time they represent. It is quite intrigu- 
ing that on one hand he calls the changes in the direction of magnetization as ‘true’ 
reversals (he uses them to deny correlation, at least in time, of some volcanic units) and 
on the other interprets the pole position as a virtual pole where the secular variation is 
still present. It can be seen from his data that the opposite directions of magnetization are 
true reversals (not simply ‘excursions’). If this is the case, one might wonder why so many 
polarity transitions observed in the sequence are not sufficient to average out the secular 
variation of the geomagnetic field. 

Nairn ef al. (1975) also reported a paleomagnetic and geochronologic (K-Ar) study of 
the Oligocene ignimbrites from the Western Cordillera. They did not calculate pole 
positions but only gave the data on cleaned remanent magnetization. Urrutia and PAL 
(1976) computed mean pole positions (M 11.63 and 11.66) for two age-groups and used 
them as a possible evidence of tectonic rotation of Mexico. 

Another study on Oligocene rocks from Mexico was that of the Valley of Mexico by 
Mooser et al. (1974). Pole positions were not given by them but have been computed 
from their data. In the absence of radiometric dates there seems to be considerable 
uncertainty about the age assignment in this area and the sites assigned to Late Oligocene 
might actually be Early Miocene (F. Mooser, personal communication, 1977). 

Now if we examine the paleomagnetic data from North America (N.A.), small dif- 
ferences between poles from areas situated on Western Cordillera and those from other areas 
in N.A. can be noticed. The poles from Western Cordillera (including those from W.C. 
in Mexico) form a fairly well-defined group. The mean pole is significantly different 
from the mean Oligocene pole from ‘stable’ North America as the ag5 circles do not inter- 
sect (Fig. 3). This can be taken as an evidence of tectonic mobility of Western Cordillera 


in the past. 
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No paleomagnetic data are available for the Eocene or Paleocene of Mexico. Future 
attempts to get pole positions of such ages should prove helpful in testing movements of 
Mexico relative to ‘stable’ North America. 

During the Mesozoic, most of the paleomagnetic results are from sedimentary rocks. 
The pole position M 10.1 for the Late Cretaceous is based on the data given by KeaTING 
(1975). She observed that the pole position based upon polarity zones is significantly 
different from other North American pole positions and explained this difference as due to 
the presence of a component of the present earth’s field and not to the rotation of Mexico 
relative to North America. The evidence for the presence of an appreciable amount of a 
secondary magnetization in cleaned specimens so as to cause an anomalous pole position 
is not clear from the intensity data of normal and reversed samples given by Keatinc (1975) 
since the samples with normal directions of magnetization have similar intensities as sam- 
ples with reverse magnetization. Further the mean directions of normal and reverse 
magnetizations are about 180° apart and no systematic deviation from this parallelism is 
found. ‘Thus the explanation given by Keatinc (1975) for the anomalous pole position 
may not be totally satisfactory. This pole position is plotted in Fig. 4 and compared 
with Late Cretaceous data on N.A. 

The pole position (M 9.3) given by GUERRERO and HELsLEy (1974, 1976) warrants 
further study. There is uncertainty as to what formation was sampled for that study 
(Pat and Urrutia, 1977). The details of this study were given by GuERRERO (1976) 
who assigned this pole position to Late Jurassic and showed it to agree with the pole deter- 
mined for the upper part of the Morrison Formation in Colorado, U.S.A. The age 
assigned to Mexico’s pole (M 9.3) is based upon palynological analysis of some samples 
collected from this area. The samples yielded a few specimens of Cicatricosisporites sp. 
GuERRERO (1976) states that this particular species although common since the Early 
Cretaceous has also been reported in Tithonian strata. Therefore this is obviously not 


Fig. 4. A comparison of Mexico’s Late Creta- 
ceous pole (M 10.1) with the N.A. Late Creta- 
ceous data (see Table 2 for mean poles). 
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0) 


W Early Cretaceous N.A. pole 


Fig. 5. Mexico’s Late Jurassic (?) or Early 
Cretaceous (?) pole (M 9.3) as compared with 
N.A.’s Early Cretaceous mean pole. 


convincing evidence that the age is really Late Jurassic rather than Early Cretaceous. 
ALENCASTER (1977) has recently reviewed the paleontological status of this area. She 
admits that although there is evidence of the Late Jurassic age in San Ricardo Formation, 
the existence of Early Cretaceous cannot be denied. GUERRERO (1976) argued ‘‘Granted 
that it may be somewhat fortuitous within the resolution of the paleomagnetic methods, 
the agreement with the results of the upper Morrison Formation is remarkable. This 
agreement itself may be indicative that indeed the age of the San Ricardo is comparable to 
that of the Morrison, at least in the area of this work.”? However, a comparison with Early 
Cretaceous mean N.A. pole does not exclude the possibility of tectonic movement of the 
collection site relative to the ‘stable’ North America (Fig. 5). The arguments of magneto- 
stratigraphy are also not sufficient to assign unambiguously a Late Jurassic age to this pole 
(M 9.3). It should also be pointed out that there is a considerable spread in the Jurassic 
data of North America (Table 2 and Appendix I) which makes it rather difficult to use it 
for tectonic interpretations. 

The problem of the data and its interpretation given by Narrn (1976) has been dis- 
cussed by Pat and Urrutia (1978) and Nairn (1978). The arguments are not sufficient 
to prove the tectonic stability of Mexican areas studied by Nairn (1976). Further the 
pole positions by Narrn (1976) and GurrRERo (1976) for the Jurassic are not consistent 
among themselves. 

The conclusion drawn from this survey is that the sampling sites of Mexico have been 
tectonically disturbed and have suffered movements relative to North America. This is 
also true for the Western Cordillera of Mexico and possibly for that of North America. 


The author is grateful to S.K. Banerjee (Univ. of Minnesota), W.D. MacDonald (State Univ. of New 
York at Binghamton), R. Scandone (Osservatorio Vesuviano, Napoli), K. Kobayashi (Ocean Research In- 
stitute, Tokyo) and the reviewer of the Journal for reading the manuscript and making helpful comments for 
its improvement. N. Figueroa is thanked for the patience of typing the manuscript at different stages. 
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SOUTHEAST ASIAN TIN GRANITOIDS OF 
CONTRASTING TECTONIC SETTING 


Charles S. Hurcuison 


Department of Geology, University of Malaya, 
Kuala Lumpur, Malaysia 


(Received June 22, 1978; Revised September 29, 1978) 


The three major tin granitoid belts are, from west to east: 

a) Western: From Phuket to Tenasserim. The tin deposits are associated with high- 
level Cretaceous adamellite, granite and pegmatite. The mineralization extends over 
a wide vertical extent. 

b) Main Range: From Bangka to South Thailand. The tin deposits are associated 
with deep-seated large-microcline granite and adamellite of late Carboniferous and late 
Triassic age. ‘The mineralization is confined to the roof zones of the batholith. 

c) Eastern: From Billiton to Pahang-Trengganu. The tin-tungsten deposits are 
associated with adamellite to granite of Permian to mid Triassic high-level plutons. Mine- 
ralization extends over a wide vertical extent and there is an important Fe-Sn association. 

Only the Eastern Belt can be classified as Circum-Pacific type. It represents an 
epizonal volcano-plutonic arc characterized by plutonic rocks ranging from gabbro, 
through tonalite, granodiotite, adamellite to granite. Rhyolitic ignimbritic volcanic 
rocks are important. 

The Western Belt has some of the Eastern Belt characteristics, but lacks the range of 
plutonic rocks, and volcanic rocks are absent. However, the Tertiary opening of the 
Andaman Sea requires that the Burmese-Indonesian volcanic arc formerly was adjacent to 
the adamellite-granite belt. 

The Main Range Belt is interpreted as resulting from crustal anatexis of the leading 
edge of the western craton as it attempted to subduct beneath the Eastern volcano-plutonic 
arc following the late Triassic closure of the central marginal basin. 


1. Introduction 


The strong contrast between the Main Range and the Eastern Belt of Peninsular 
Malaysia has been documented by Hurcuison (1977). The contrasts were further am- 
plified in respect of the character of the tin mineralization, and associated iron, by Hurcui- 
son and Taytor (1978) and Taytor and Hurcuison (1978), who also focused attention 
to the distinct character of the third major S.E. Asian tin belt of Phuket-Tenasserim. 

A forthcoming review of the stratigraphic and tectonic evolution of the whole South- 
east Asian region (Hurcuison, 1979), highlights a Paleozoic marginal basin extending 
southwards from Laos, through Thailand and the length of Peninsular Malaysia, separating 
the Main Range from the Eastern Massif. A major divergence from this interpretation 
(Mrrcuett, 1977) proposes that the marginal basin was the main Tethys Sea and that 
the massifs to the west and east were formerly connected with Gondwanaland and Eurasia 
respectively. : 

A minor narrow granitoid belt within this marginal basin has been referred to as the 
Central Belt (Hurcuison, 1977). It has no known tin association. 
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Fig. 1. The three major tin granitoid belts of Southeast 
Asia, after Hurcuison and Taytor (1978). The 
central marginal basin separates the Main Range 
from the Eastern Massif and itself contains a narrow 
tin-barren granitoid belt which is not shown. 


This paper attempts a possible tectonic evolution for the region based on the petro- 
logical characteristics of the three main tin belt granitoids. It is a revision of that of Hur- 
CHISON (1973a) in the light of new data. 


2. The Tin Granitoid Belts 


The three major belts are shown on Fig. 1. The northern part of the Eastern Belt 
(A) is fault bounded on the west, but the southern part in Singapore and south Peninsular 
Malaysia occupies a region of low topography and poor exposure. Its western boundary 
is unknown, but appears offset westwards with respect to the northern part (Fig. 1). The 
Eastern Massif has all the characteristics of a volcano-plutonic arc (HuTcuison, Lona 
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including a wide range of plutonic rocks from gabbro to granite, and coeval acid to inter- 
mediate volcanic and pyroclastic rocks. In this respect, it is of Circum-Pacific character, 
with close similarity to the Andes (PrrcHer, 1978). 

The Main Range Belt (Fig. 1, B) is of highly differentiated granite characterised by 
large megacrysts of maximum microcline. Finer grained varieties also occur locally. 
Its eastern border is represented by a narrow zone of eastwards dipping crumpled melange- 
hike argillite containing discontinuous blocks of serpentinite, overlain locally by redbeds. 
This tectonic line has been referred to as the Bentong-Raub Suture (Hurcuison, 1975), 
and from recent drilling south of Malacca (KHoo, 1978), it is now known to run out into 
the Straits of Malacca, and not to continue southwards to Singapore as formerly believed. 

Southwards extension of these two belts is badly known, but in Indonesia the tin 
deposit characteristics indicate that Billiton belongs to the Eastern Massif, and Bangka to 
the Main Range Massif (HuTcHIson and Taytor, 1978). 

Northwards extension is also badly known. Extension through the Gulf of Thailand 
can be inferred by important N-S trending horst and graben structures (WoLLANDs and 
Haw, 1976). 

The Western Belt (Fig. 1, C) is apparently strongly fault-bounded, and extends north- 
wards from Phuket into Burma. The eastwards extent of this belt is not yet defined. 

Very little is known about the other tin granites shown in Fig. 1. They occur in 
West Central Sumatra and North Thailand. 

The central marginal basin of Peninsular Malaysia, which includes the minor Central 
tin-barren granitoid belt, probably continues northwards through Thailand, as document- 
ed by a similar Carboniferous to Triassic succession, including contemporaneous volcanic 
activity (Hurcuison, 1979). However, instead of the eastern margin being formed by the 
Eastern massif, it is formed by the Mesozoic continental basin of the Khorat Plateau. 
The western margin is similarly delimited by an ophiolite belt through Lampang and 
Houei Sai (Hurcuison, 1975), similar to the Bentong-Raub Line of Peninsular Malaysia. 


2.1 Eastern Tin Belt 

The properties of the Eastern Belt are summarized in Table 1, after Hurcuison and 
Taytor (1978). Radiometric data are from BiGNELL and SNELLING (1977). A general 
description of the granitoids was given by Rayan et al. (1977). As stressed by Hutcuison 
(1977), the concordance of the Rb: Sr and the K: Ar dates amplifies the tectonic stability 
of this massif. Mineralized quartz hydrothermal veins extend far into the thermally 


metamorphosed country rocks. 


2.2. Main Range Tin Belt 

The properties of the Main Range Massif are summarized in Table 1. As stressed 
by Hurcuison (1977) the strongly discordant Rb: Sr and K: Ar dates have been taken to 
mean strong post tectonic uplift. The greenschist facies country rock envelope, together 
with the maximum microcline of the granitoids, indicate deep seated crystallization in 
which the volatiles were not permitted to escape and accumulated in the roof zones of the 
batholiths. The lodes were therefore impounded or closely confined to the roof zones. 
Post crystallization uplift is indicated by shear zones and young K: Ar dates. 


2.3. Western Tin Belt 
The properties of the Western Belt are summarized in Table 1, from Garson et al. 
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Table 1. Summary of the properties of the 


Western: Phuket-Tenasserim 


Plutonic rocks 


Volcanic rocks 


Granitoid texture 


Colour 

Femic minerals 
Alkali feldspar 

Level of emplacement 


Age, Rb : Sr 


INE. I TENE 

Initial’? Sr/86Sr 
Crystallization index 
K2O weight % average 
K2O/NazO average 
Rb/Sr average 

Tin occurrence 


Tin associations 


Post-granitoid dykes 
Other features 


Hornblende adamellite, biotite granite, muscovite-biotite 
granite, pegmatite 


Apparently absent. The Burmese and Sumatran volcanic arc 
may be coeval 


Equigranular to porphyritic, medium to coarse 


Pale grey or pink 
Biotite, hornblende, muscovite, ilmenite 
Orthoclase to intermediate microcline, 2V not measured 


High level granitoid plutons with well-developed thermal 
aureoles containing cordierite and andalusite 


115+-7 Ma 
Early Cretaceous 
57+5 Ma 

0.707 

4 to 18 

5.6 

Deh as 

Sie 


Hydrothermal quartz stockworks up to 2 km long. Tin asso- 
ciated with lithium and tantalum in pegmatites 


Sn-Li-Ta-W 


Basaltic dykes common 
Hot springs are common. Placers abundant 


(1975), and as shown by Hurcuison (1979) the tectonic setting for the southern end at 
Phuket appears to continue into south Burma. ‘This is the only belt in which major peg- 
matites occur and they contain significant cassiterite (TAyLOoR and Hutcuison, 1978). 
An unusual feature of the Phuket area is the presence of diamonds in the stanniferous pla- 
cers. ‘Their primary source is unknown. Radiometric dating of this belt is from Garson 
et al. (1975) and BicNneLy (1972). Another curious feature is that this belt appears to be 
strongly fault-bounded (Fig. 1) and the extent of the granites appears to coincide closely 
with the predominantly Carboniferous Phuket Group and analogous Mergui Formation 
(Hurcuison, 1979). A further feature is its similarity with the Eastern Belt in that the 
granitoids are high level with well-developed thermal aureoles, but with a complete ab- 
sence of coeval volcanic rocks and of tonalite and gabbro. As will be shown below, it is 
possible in a pre-Andaman Sea reconstruction, to consider a juxtaposition of the Burmese 
and Sumatran volcanic arc immediately to the west of this plutonic arc. 


3. Proposal for Tectonic Evolution 


From a regional stratigraphical review (Hurcuison, 1979) and from the gravity sur- 
vey of the Peninsula (RyALL, 1976), it can be deduced that Burma east of the Shan Scarp, 
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Southeast Asia tin granitoid belts. 


Main Range: Kinta-Bangka 


Eastern: Trengganu-Billiton 


Large-microcline biotite granite, and 
adamellite. Minor pegmatite. Tourmaline- 
muscovite marginal phases 


No volcanic association known. Ignimbrite 
and microgranodiorite down faulted against 
the granite east of the Genting Highlands 


Generally coarse with large microcline 
megacrysts. Finer grained modifications in 
margin zones 


Pale grey 
Biotite, muscovite in greisen, ilmenite 
Always Maximum microcline, 2V 70° to 90° 


Deep-seated batholiths in greenschist facies 
rocks. Slight increase in dynamothermal grade 
towards contact, but no cordierite and no 
andalusite 


Maxima at 200, 230, 280 
Late Carboniferous to late Triassic 


80 to 200 Ma 

Carboniferous 0.711 Triassic 0.710 

0 to 14 

5.0 

Le7 

10.0 increasing westwards 

Impounded ore bodies at granite margins 
Tin in greisen margins and in hydrothermal 
stockworks of limited extent 
Sn-Cu-Pb-Sb Sn-Ca 

Sn-W Sn-Nb Sn-As-Fe 

Basaltic dykes generally absent 


Abundant placer deposits 
Hot springs are common 


Granite, granodiorite, tonalite, and gabbro 
Muscovite only in marginal phases 


Coeval Carbo-Permian-Triassic rhyolitic to andesitic 


lavas and pyroclastic rocks 


Equigranular to microporphyritic, medium to coarse 


Pale grey or pink 
Biotite, hornblende locally important, ilmenite 


Orthoclase to intermediate microcline, 2V 50° to 70° 
Volcanogenic high level plutons with well-developed 


thermal aureoles containing andalusite and 
cordierite 


Maxima at 220, 250 
Permian to Triassic 


220 to 250 Ma 

Permian 0.710 Triassic 0.708 
0 to 25 (excluding the gabbro) 
4.1 (excluding the gabbro) 

1.3 (excluding the gabbro) 

2.7 (excluding the gabbro) 


Vertically extensive hydrothermal vein deposits in 
overlying country rocks. Skarn and bedded lodes 


Sn-Fe Sn-Cu 


Basaltic dykes are common 


Placers rare, lode mining important 
Hot springs absent 


225 


Peninsular and northwest Thailand as far east as Chiang Mai, and Peninsular Malaysia 
west of the Bentong-Raub Suture, are underlain by Precambrian continental crust. The 
central marginal basin occupies a positive gravity anomaly, and is therefore underlain by 
oceanic crust covered by a thin late Paleozoic to Mesozoic sedimentary blanket. ‘The 
Eastern massif, like the Main Range, is underlain by continental crust but of lesser thick- 
ness, as shown by a slightly lesser negative gravity (RyALL, 1976). ‘These constraints 
allow a reconstruction along the lines of Hurcuison (1973a). 


3.1 Carboniferous 

The eastern massif is shown attached to its former craton and the central marginal 
basin is beginning by rifting behind the volcanic arc. This model allows for some of the 
Carboniferous granites of the Main Range in a back arc setting. 

The craton is unknown, and has been speculated by STAUFFER (1973), after reviewing 
all other literature suggestions, to be North Africa. However, it now seems that the 
craton is to be found in Tibet, as suggested earlier by CRawrorp (1973). The palaco- 
magnetic evidence is compelling, for the Malay Peninsula lay at 15° N during the late 
Palaeozoic (McEtuinny et al., 1974) and between the Permo-Triassic and the Cretaceous, 
it rotated 70° clockwise, whilst maintaining much the same palacolatitude. On the other 
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Fig. 2. Diagrammatic tectonic cross section to explain the 
volcano-plutonic eastern arc and the beginnings of the mar- 
ginal basin. The pattern of sedimentation requires a 
western craton. Palaeomagnetic data indicate that the 
Peninsula did not maintain its present N-S orientation nor 
its present latitude throughout the Phanerozoic. 


hand, recent palaeomagnetic data (MoLNnar and CHEN, 1978) indicate that southern 
Tibet had a palaeolatitude of 8° N in the late Cretaceous, and has been progressively 
displaced northwards to its present 30° N position as the Asian Continent was compressed 
by the Indian collision. The implication is that India began colliding with mainland 
Asia before 38 Ma ago. Whereas the part of Asia west of the Sagaing and Shan Scarp 
Fault has been displaced northwards at least 22°, the Malay Peninsula rebounded south- 
eastwards by about 12°; a total displacement from its cratonic attachment of no less than 
34° of latitude. 


3.2 Permian 

Throughout the Carboniferous and the Permian, the central marginal basin continued 
to develop as the Eastern Massif drifted away from its ancestral craton (Fig. 3). Marine 
sedimentation, intercalated with rhyolitic and andesitic volcanic and pyroclastic rocks, 
continued into the early mid Triassic (GosBerr, 1973 a, b). A narrow marginal basin 
which is receiving active sedimentation as well as simultaneously spreading, must have a 
linear zone of high heat flow overlying the spreading axis. This zone can now be identi- 
fied as a narrow belt of high grade metamorphic rocks extending from the Taku Schist in 
north Kelantan, southwards to Gunung Benom and Gunung Ledang (Hurcuison, 1973 b, 
pe255): 

Sedimentation onlapped onto the Eastern Massif, which was largely inundated, but 
the sea shoaled towards the east (Hurcuison, 1979). 

Marginal seas appear to have a limited life, and the rifted continental margin cannot 
continue oceanwards indefinitely because the mantle convection cell beneath the marginal 
basin is of minor importance compared with that of the main ocean. This is well illus- 


trated by the number of extinct marginal basins to be found in Southeast Asia at the pre- 
sent time. 
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Fig. 3. The marginal basin reached its maximum development 
in the Permian. The Eastern Massif has a complete suite of 
plutonic rocks from gabbro to granite, and coeval volcanic 
rocks from andesite to rhyolite. 
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Fig. 4. Extinction of the marginal basin spreading axis, follow- 
ed by flipping of the subduction polarity, leads to consump- 
tion of the marginal basin and rapid shoaling of its seas. 


Subduction-related magmatism resulted in dioritic plutons within the Eastern Massif, 
closely associated with contact iron deposits (HurcuHison and Taytor, 1978). Rising 
isotherms, because of the subduction-related activity, caused partial melting of the sialic 
basement of the Eastern Massif giving rise to granitoids. The tin and tungsten deposits 
associated with these granitoids is considered to have their source in the sialic basement, 
rifted from the main cratonic continental plate. 


3.3 Late Permian-early Triassic 
Upon extinction of spreading, it appears to be natural for the polarity of subduction 
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to flip, so that the old marginal basin lithosphere is consumed (Fig. 4). This proposed 
mechanism is based on the present activity in the Philippines, in which the old extinct 
South China Sea lithosphere ,is being consumed along the Manila Trench, with the result 
that the northern Philippine islands are now approaching the mainland. But in the 
southern Philippines, subduction of the Pacific Plate continues along the Philippine Trench 
(Mureny, 1973). Thus the Philippine islands are being torn apart by a central trans- 
form fault. Such complex activity in marginal basins and island arcs can be considered to 
have taken place in the past. The Eastern Massif of the Malay Peninsula appears to be 
torn into two parts, the southern part extending farther westwards than the northern part 
(Figs 1). 

The model (Fig. 4) is supported by the change throughout the marginal basin from 
shallow marine to estuarine and continental by the late Triassic (BurToN, 1973).  Al- 
though the Eastern Massif was almost entirely emergent, the estuarine Jurong Formation 
onlapped towards the east. 

The change of subduction polarity ensured continuing volcanic and plutonic activity, 
but any regularity of zonation has been confused by the flipping. 


3.4 Late Triassic 

As the marginal basin lithosphere continues to be consumed, the overlying sediments 
are folded and uplifted and marine conditions are replaced entirely by estuarine and con- 
tinental. A redbed facies is now widely developed throughout the region (Burton, 1973; 
Hurtcuison, 1979). 

Eventually the Eastern Massif, with its buffer of folded marginal basin sediments, 
collided with and over-rode the eastern margin of the craton (Fig. 5). I take this collision 
to be the main mechanism for the major late Triassic Southeast Asian orogeny. 

The crustal thickenning over the region of the Main Range, coupled with under- 
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Fig. 5. Continuing contraction of the marginal basin results in 
collision of the Eastern island arc and its buffer of folded 
marginal basin sediments with the craton. Crustal thicken- 
ing resulting from westwards allochthonous overthrusting 
of the marginal basin sediments and partial subduction 
of the western craton result in the anatectic deep-seated 
Main Range Granite. 
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thrusting of the western plate, resulted in an increase of the geotherms leading to the 
anatectic formation of the highly differentiated’ Main Range Granite. Its deep-seated 
nature resulted from the inability of the wet anatectic magma to rise high in the folded 
greenschist facies pile. ‘The main cratonic Western Massif could not continue to subduct, 
so that the welding of the Eastern Massif resulted in cratonization of the whole region, 
and active subduction thereafter jumped farther oceanwards. The whole Southeast 
Asian region became the large continental mass of Sundaland, characterised by extensive 
continental Jurassic redbeds. 

The tin deposits were impounded within the roof zone of the Main Range granite 
because the hydrothermal tin-bearing solutions were unable to escape upwards through the 
unfractured greenschist facies overburden. The tin had its source in the sialic basement 
which was once continuous with that of the Eastern Belt. The dramatically different 
styles of mineralization between the two belts therefore reflects the radically different 
tectonic histories which caused remobilization of the tin. 


3.5 Late Mesozoic-Cenozoic 


A complete history cannot yet be written for this complex region. The only approach 
is to work back from the present. 


The present configuration of the Andaman Sea (Fig. 6) includes E-N-E trending 
spreading axes connected by N-S transform faults. The analysed seismicity indicates 
N-S directed extension (Ecucut et al., 1978). 
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Fig. 6. The present and pre-Miocene Andaman Sea configuration. Before the marginal sea opened 
by N-S extension, the Burmese and Sumatran volcanic arcs must have been continuous and 
adjacent to the Cretaceous Phuket-Tenasserim granitic arc. 


230 C.S. Hurcuison 


BURMA VOLCANIC 
ARC 


FUTURE HNINZEE FAULT 
UJ 
FUTURE INDO-BURMAN 


PHUKET TENASSERIM BELT EASTERN 


MAIN RANGE BELT STABLE BELT 
: | 


\ 
BENGAL 
SS SQA 

S 
weeaeae oes 
t+t+++y 1° Fe 

RET 


EARLY EOCENE 


Fig. 7. Diagrammatic tectonic cross-section across Fig. 6 
before the opening of the Andaman Sea (after MircHELt, 


1977). 


If the Andaman Sea is closed back (Fig. 6), then the Burmese and Sumatran volcanic 
arcs are continuous and parallel to the Cretaceous plutonic arc of Phuket-Tenasserim. 
The Andaman Sea has been estimated to begin its opening 10 to 20 Ma ago (Ecucui et 
al., 1978). This reconstruction allows the Burmese-Sumatran volcanic arc and the back- 
arc Cretaceous plutonic belt to be related to Indian Ocean subduction from the present 
west, as shown diagrammatically on Fig. 7 (after Mircoweti, 1977). Attractive though 
this reconstruction is, the perfect separation of the andesitic volcanic arc from the granitic 
plutonic arc is enigmatic and implies that a definite answer has not yet been obtained. 
To probe back beyond this is fraught with difficulty. The cratonic hinterland of the 
Malay Peninsula is considered to have rifted away by the Miocene, and indeed to have been 
away by the Cretaceous, if the granites of Phuket-Tenasserim, with ages of 115 Ma (Table 
1), are to be accepted. ‘Then, what caused the separation of the Peninsula from its craton? 
If we seek the answer in the collision of India with Eurasia, the timing is unsuitable. The 
palaeomagnetic data discussed in MOLNAR and CHEN (1978) suggest a collision of India 
with Tibet at about 8° N at least before 38 Ma. But this collision age cannot be extended 
back to much more than about 60 Ma, when the northern part of Greater India had just 
reached the equator (MoLNAR and Tapponigr, 1975). 
The search for the sequence of events is frustrated by such complexities as: 
1) Collision of the Indian Ocean mid-oceanic ridge with the Sumatran Trench in 
the mid to late Miocene (Ecucut et al., 1978). 

2) The possible late Cenozoic clockwise rotation of Sumatra (NinKovicu, 1976). 

3) The 50° anticlockwise rotation and 15° of latitude southwards drift of the Malay 
Peninsula since the mid Cretaceous (HAILE et al., 1977). 


4. Epilogue 

Tin mineralization is closely associated with K2O- and SiOs-rich granites in three 
distinct belts. The epizonal granitoid belts are of Permian to Triassic age in the Eastern 
Massif and of Cretaceous age in the Western. Only the Eastern Massif has the complete 
characteristics of a volcano-plutonic arc of Circum-Pacific type. The Main Range Belt 
of highly differentiated maximum microcline granite, of predominantly late Triassic age, 
also includes some late Carboniferous granite. It has none of the characters of a volcano- 
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plutonic arc and is considered to have resulted from collision of the Eastern Massif island 
arc with its ancestral craton as the separating marginal basin was consumed by subduction. 
The deep-seated anatectic granites are characterized by hydrothermal tin deposits im- 
pounded close to the granite-greenschist contact. The western Belt granites are related 
in some way to Indian Ocean margin tectonics, but the evolution of this region is extremely 
complex. 

Thus, in the region of Southeast Asia, tin is genetically associated with granites of 
dramatically different age and tectonic setting. As argued by Hutcuison and CHAKRA- 
BORTY (1978), tin deposits result from polycyclic events in the older continental crust. 
The three tin belts may be unified only in one respect, that they are derived from a con- 
tinental basement which already contained unevenly distributed tin concentrations. 
Tin-bearing granite magma was remobilized from these sources at various times and by 
dramatically different tectonic processes which caused partial melting of the older base- 
ment. 


I am grateful to the University of Malaya and the Inter-Union Commission on Geodynamics for financial 
support to attend the conference. Ms. Zaimah binti Ahamad Saleh typed the manuscript. Mr. Roslin bin 
Ismail and Mr. Ching Yu Hay drew the figures from my sketches. 
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An analysis of the available bathymetric, gravity and seismicity data of the Andaman 
Sea that lies between the latitudes 4° to 16°N and longitudes 91° to 97°E has been carried 
out. A seismicity map of the Andaman Sea has been prepared using all available data for 
the period 1916-1975. ‘The epicentral distribution parallels the structural lineation of the 
Andaman Arc showing larger activity under the Andaman Basin. An inclined seismic zone 
extending at least up to a depth of 150 km is found to be present underneath the Andaman 
Basin. The seismic zone dips towards the continental side, attaining its deepest part not 
right below the axis of the negative gravity anomalies, but is rather deflected further east 
towards the volcanic islands. For a more complete understanding of plate motions in 
Andaman Sea area, all available focal mechanism solutions incorporating 12 new ones have 
been analysed. It is observed that normal, thrust as well as strike-slip faulting take place 
in the area. The direction of seismic slip vectors for thrust-type solutions is generally 
eastward over the areas of outer sedimentary arc. In the southern part of the Andaman 
Sea, the direction of seismic slip vectors is towards south. Over the southeastern part of 
the Andaman Sea, in continuation of the Semangko Fault (rift) of Sumatra, strike-slip 
mechanism predominates. This gives a clear evidence of the continuation of the Semangko 
Fault beyond Sumatra underneath the Andaman Sea up to 9°N. ‘The results obtained 
through the focal mechanism studies further suggest that thrust faulting is prevalent be- 
tween 30 to 90 km depth under the Andaman Sea. Normal faulting prevails at shallow 
as well as at greater depths (more than 90 km). ‘The transcurrent type of movement ap- 
pears to affect a considerable thickness of the lithosphere in the area, at least up to a depth 
of 150 km. On the basis of these results it is suggested that an active subduction zone is 
present underneath the Andaman Basin. The present structural form as well as seismicity 
of the Andaman and the west-Indonesian Arc seems to have resulted as a result of subduc- 
tion of the Indian Plate at the continental margin of the SE-Asian Plate. 


1. Introduction 

The Andaman-Nicobar Group of islands and the associated Andaman Sea form a part 
of the north-south trending Tertiary Folded Belt, in continuation of the Arakan Folded 
Belt of Burma towards the north and islands approximately between 4° to 16° N and 91° 
to 97° E. Geology and bathymetry of the area has been studied by Ropotro (1966, 
1969), who has made an attempt to reconstruct the geologic history of the area, and WEEKS 
et al. (1967), who have delineated major segments of the island arc system including fore 
deep, outer sedimentary arc, inner volcanic arc and back deep through a distance of about 
1,100km. Gravity and magnetic fields and their relationship to surface features has been 
studied by Peter et al. (1966). They have suggested the continuation of the structural 
trend of the Barisan Ranges of Sumatra into the Andaman Sea up to 10° N. 
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Detailed seismicity of the area has not so far been studied. Santo (1969) briefly 
discussed the seismicity of the area and presented a seismic section across the structural 
trend of the area. Focal mechanism solutions for few earthquakes have been given by 
RirseMa and VELDKAmP (1960) as well as by Frrow (1970, 1972). 

In this paper an analysis of the results of the gravity field, seismicity and 32 focal 
mechanism solutions (12 solutions added from the present studies) from the area mentioned 
above is presented in terms of plate tectonics model taking into account the geological and 
tectonic history of evolution of the area. 


2. Geological and Tectonic History of the Area 


According to Ropotro (1969), the sedimentation in the Andaman Sea started some- 
time during the Late Cretaceous. The oldest rocks in the Andaman Sea are of this age. 
Following a period of sedimentation in troughs and basins, an episode of orogeny com- 
menced in the Oligocene and resulted in the formation of the Arakan-Yoma Mountains 
and the Andaman-Nicobar Ridge. Late Miocene dilational movements formed the An- 
daman Basin. 

The orogenic forces which started during the Late Pliocene times have continued till 
Recent. In Burma, the orogeny has been marked by volcanism in Mt. Popa-Pegu Yoma 
trend as well as the Shan Scarp. Similar orogenic forces working in the Andaman Basin 
have resulted in the formation of Narcondam and Barren Group of volcanoes. 

The dominant structural features in the area are related to the Indonesian Arc. This 
arc consists primarily of a double arc with a recognised inner arc characterised by volcanic 
activity and a younger outer sedimentary arc. ‘The volcanic trend is well defined in cen- 
tral Burma and can be traced across the Irrawaddy Delta through Narcondam and Barren 
Islands, the Invisible Banks and then into Sumatra where it manifests itself in the form of 
Barisan Ranges. These ranges have been elevated during Plio-Pleistocene times (VAN 
BEMMELEN, 1949). The mountains are split up longitudinally by a well-known fault known 
as the Semangko Fault, a graben or a rift valley extending along the full length of 
Sumatra. This rift valley probably developed as a post-elevation collapse feature (WEEKS 
et al., 1967). In northern Sumatra the trend of the fault zone is identified by Atjeh 
graben which extends offshore into the Andaman Sea (PETER ¢¢ al., 1966). Prominent 
features of the arc are shown in Fig. 1. 

The sedimentary oil producing basins of Sumatra and Burma are interconnected 
through the Andaman Sea which forms a trough like structure. According to KrisHNAN 
(1960), the Andaman Sea probably acquired its present status during Cretaceous times. 
West of the sedimentary trough lies the Tertiary Folded Belt or outer Island Arc which can 
be traced from the Arakan Yoma in the north through Andaman, Nicobar Islands, Simeu- 
lue Islands, and Mentawai Islands west of Sumatra. 

West of the outer Island Arc (Indonesian Islands) is the fore deep or the trench which 
on the south is called the ‘‘Java Trench.’ This trench does not seem to extend north of 
3° N and is not present west of Andaman and Nicobar Islands. 

Major topographic features of the area are shown in Fig. 2, after Ropotro (1966). 
The Tertiary Folded Belt comprising the Andaman, Nicobar and other islands clearly 
shows up as a topographic high. The Andaman Basin reaches an average depth of about 
3,000 m below sea level. The Invisible Banks, Barren and Narcondam Islands, also show 
up as topographic highs. 
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Fig. 1. Prominent structural features of the Andaman Arc 
depicting the sites for various orogenic belts traced from 
Burma on the north to Sumatra on the south through the 
Andaman Sea (after WEExks e¢t al., 1967). 


Volcanic activity in the inner arc during the period Tertiary to historic times is shown 
ma Fig...3. 


3. Free-Air Anomaly Map 


The distribution of free-air anomalies in the area (after PETER et al., 1966) is shown in 
Fig. 4. The free-air anomalies are seen to be strongly positive along the volcanic arc 
extending from Barisan Ranges of Sumatra through Invisible Banks, Narcondam and 
Barren Islands. ‘These are also positive over Mergui Archipelago and to the west of An- 
daman-Nicobar Island Arc. The largest positive anomalies (of the order of -+-50 to +100 
mgals) are found over the Invisible Banks, Narcondam and Barren Islands. In between 
these volcanic islands and the sedimentary arc (Andaman and Nicobar Islands) the anom- 
alies are seen to be strongly negative being of the order of —100 to —150 mgals, con- 
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Fig. 2. Prominent topographic features in the Andaman Sea 


showing the Andaman Group of islands as a major bathymetric 
rise extended in north-south direction forming the Andaman 
sedimentary arc. Note that the major part of the Andaman Basin 
has depths of the order of 3 km (after RopoLro, 1966). 


fined within a relatively narrow zone which extends in N-S direction for about 1,000 km, 
following the arcuate pattern of the Andaman Arc. 


The distribution of these anomalies 
suggests large abnormalities so far as mass distribution with depth is concerned. The outer 


sedimentary arc also has negative anomalies as compared to the inner volcanic arc. 


4. Seismicity Map of the Area 


Seismicity map of the area lying between 4° to 16° N and 91° to 97° E for the period 
1916-1975 is shown in Fig. 5. 


The source of data has been the reports of I.8.S., Bull. 
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Fig. 3. Volcanicity in the Andaman Sea. Sites for volcanism arc traced 
from Burma on the north to Sumatra on the south (after RopDoLFo, 
1969). Refer to discussion in text for association of strong positive 
free-air anomalies with the chain of volcanic islands. 


I.S.C., and reports from India Meteorological Department, as well as P.D.E. Bulletins 
issued by NOAA. The seismicity shows a well-defined pattern almost parallel to the 
structural trend of the area. Most of the earthquakes in the area originate from shallow 
depths. However, the epicenters become deeper (exceeding 100 km) towards the eastern 
side, close to the above-mentioned volcanic arc. It is evident that the whole of Andaman 
Basin is seismically very active, the seismic zone dipping towards the continental side to 


the east. The seismicity, however, is confined within a zone of about 4°, longitudinally. 
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Fig. 4. Principal zones of free-air anomalies in the Anda- 
man Sea (contour interval 50 mgal), after PETER 
et al. (1966). Note the pronounced zone of narrow- 
cum-elongated negative free-air anomalies im- 
mediately to the east of Andaman islands extending 
over the full length of the Andaman Sea in north- 
south direction. The anomalies have little correspond- 
ence with bathymetry. 


5. Focal Mechanism Solutions 


The mechanism of release of seismic energy by the earthquakes throws a considerable 
light on the nature of tectonic forces active in the area. Focal mechanism solutions for 
few earthquakes have been studied earlier by Rirsema and VeLpKamp (1960) and Frron 
(1970, 1972). Twelve new focal mechanism solutions were determined for earthquakes 
which occurred during the period 1961-1972. The solutions were determined using P- 
wave first motion directions reported in the I.S.S. and the I.S.C. Bulletins. First motion 
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Fig. 5. The seismic activity in the Andaman Sea for the period 1916-1975. The free-air 
anomalies are also shown in the figure. A larger concentration of seismic activity 
under the Andaman Basin can be clearly seen. Also note the deepening of earthquake 
foci eastward towards the continental side. 
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Table 1. Parameters of earthquake mechanism solutions 


ia ae Ghanine Epicenter Depth Ist pole 
ven 1gl km) and wes a oe 
No. eis (G.M.T.) CN) Fit cae Az. Pl. 
1 Jul. 28, 1964 PS Get 42.4: LAr 96.2 225 9:9 141 50 
2 Sep. 15, 1964 Neh 20883328 8.9 93a 89, 6.3 51 20 
8) Sep. 6, 1967 O7ae 730 PAO 14.8 93.6 Boy Wiad 286 14 
a Apr. 2, 1964 OWE Ne 74826 5.8 9525 65, 5.6 240 4 
5 Api os Loom he 8 WY a7 4.0 96.6 D1, a8 Mast 24 
6 Nov. 30, 1964 Ieee oie) 6.8 94.8 DA eT 236 0 
7 Apr. 12, 1967 Oe olh M418 ies) 96.5 63, 6.1 8 62 
8 Jun. 15, 1964 OORL05 5 S621 53) 96.8 TEES: 350 50 
9 Aug. 21, 1967 O7 33eee1F6 3.6 95.8 40, 6.1 23 12 
10 Jul. 2, 1967 O7 2038-39450 8.7 93.8 ate De) 351 0 
11 Jul. 11, 1961 OOF TS 5.0 7.88 93.07 51, — 234 21 
12 May 26, 1962 WS) ig 288 3 WAY 6.58 94°55 94, — 195 40 
13 Nov. 16, 1962 Ale NO) 3 O20 13.58 92.93 33,0229 140 71 
14 Dec 21962 228° 56 344.0 4.01 94.56 149, — 205 26 
15 Sep. 16, 1964 OL 26 :26.6 10.71 92.81 40, 5.7 174 64 
16 Feb. 14, 1967 OME 3On10450 NSE 96.47 135926 350 75)| 
ily Oct. 6, 1968 Oe 228 OS I 93.6 124, 5.0 244 30 
18 May 6, 1970 Hoye ZU aeo O20 9.81 92.91 Bes 280 60 
19 Jun. 5, 1971 OF: SSR IOIEO Oy OD Tbe, 90 82 
20 Nov. 5, 1971 PA PAWL Sas) 10.1 929 D3 9 147 67 
21 INGO, Ges MSW Vor 20RO720 G95 94.03 SOs 022 327 65 
22 Nov. 25, 1935 10 : 03 : 02.0 0 94.0 S, 6.5 264 54 
23 Aug. 23, 1936 DAS WS NBS) 6.0 95.0 a0 Te 26 25 
Dee Aug. 4, 1937 RINE AIA) 6.0 O4'9) 120, 6.0 68 7 
25 Jun. 26, 1941 Int Bey oO 125 92.5 65, 8.1 146 5 
26 May 9, 1949 13 36R R320 5.0 95.0 Ss Ou/ 125 Si 
Maik May 17, 1955 TAs Oe Ou0) 6.5 94.0 Sy 8) 116 14 
28 Aug. 12, 1971 OL 403-0 12.50 95.08 Ne ees 78 2 
29 Nov. 13, 1972 7 Bae ONO) WE: 95223 EA 0) 74 4 
30 Mar. 28, 1971 OG R23 a2 1200) V2 95.22 D2 De D2 0 3 
31 Mites? Deano IW EDD) B4R0 11.16 95.11 LOS 75 98 9 
32 Jl, Ws LOPS) 46: 70 10.66 9229) 43.8, 5.6 45 4 


S indicates shallow focal depth of the event. 


directions were plotted on an equal area projection of the lower hemisphere using the 
(2, 4) tables of Nurrir (1969). A double couple source mechanism was assumed. Ecucui 
et al. (1978) have reported the results of 5 new mechanism solutions. The results of all 
the solution parameters (in all 32 solutions) are listed in Table 1, and are schematically 
illustrated in Fig. 6. The main points brought out by these results are discussed below. 
It may be seen from Table | and Fig. 6 that normal, thrust as well as strike-slip faulting 
take place in the area. Over the western sedimentary arc, characterized by relatively 
shallow seismicity, mostly thrust as well as normal faulting prevails. The transcurrent 
faulting prevails over the eastern and southeastern parts of the Andaman Sea. 

Thrust mechanisms. Out of a total 32 mechanisms, 10 relatively shallow-focus 
mechanisms (up to a depth of about 90 km) discussed in this paper indicate thrust 
faulting (mechanisms 2, 7, 8, 9, 13, 15, 18, 21, 25 and 26). Mechanisms 2, 9, 13, 15, 18, 
25 and 26 are for the earthquake events located over the western sedimentary arc, and 
mechanism 7, 8 and 21 are for earthquake events located to the east of the axis of the 
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of Andaman region (azimuth and plunge in degrees). 


pra 


2nd pole P axes T axes 


Type of 
ie TE las Asie Az PL faulting see 
352 34 45 71 160 7 Normal Fircn (1970) 
168 52 204 17 88 52 Thrust Fire (1970) 
106 qo 286 59 106 31 Normal Fires (1970) 
331 0 196 3 285 3 Strike slip Fircu (1972) 
88 62 208 65 66 19 Normal Present study 
326 0 191 0 281 0 Strike slip Fircn (1972) 
188 28 8 17 188 us Thrust Frrew (1972) 
214 30 16 11 264 65 Thrust Fircu (1972) 
203 78 203 33 23 57 Thrust Frren (1972) 
261 15 AS 10 307 10 Strike slip Frronw (1972) 
110 55 197 56 75 19 Strike slip Present study 
339 43 260 71 357 3 Normal Present study 
298 iy 23 26 288 63 Thrust Present study 
25 64 205 71 25 19 Normal Present study 
354 26 174 19 354 71 Thrust Present study 
147 69 5 66 164 D4: Normal Present study 
106 54 200 64 82 14 Normal Present study 
100 30 280 15 100 75 Thrust Present study 
270 8 90 37 270 53 Normal Present study 
277 16 111 28 251 58 Normal Present study 
147 25 327 20 147 70 Thrust Present study 
135 25 We 62 295 15 Normal RitseMA and VELDKAmpP (1960) 
133 31 170 5 78 42 Transcurrent RitseMA and VELDKAmpP (1960) 
161 20 113 19 205 9 Transcurrent Ritsema and VELDKAmpP (1960) 
326 85 326 40 146 50 Thrust RitsEMA and VELDKAmpP (1960) 
21 9 176 29 ol 4s Thrust RitsEMA and VELDKAmpP (1960) 
207 vy: 71 8 162 12 Transcurrent RitsEMA and VELDKAmpP (1960) 
347 17 34 13 300 12 Strike slip Ecucut et al. (1978) 
ZO. 4 30 12 297 4: Strike slip Ecucut et al. (1978) 
90 0 45 2 315 2 Strike slip Ecucnti et al. (1978) 
190 11 236 1 144 15 Strike slip Ecucut et al. (1978) 
137 2 182 12 86 22 Strike slip Ecucut et al. (1978) 


central negative gravity anomaly zone discussed earlier. One of the nodal planes sugges- 
tive of the fault plane is generally oriented in north-south direction in the central part of 
the outer sedimentary arc but this orientation changes to northeast and northwest in the 
northern and southern extremities conforming with the arcuate trend of the arc. This 
change in orientation of the nodal plane from north to south can be clearly seen in Fig. 6. 
In solution 13 located immediately to the north of the North Andaman Island, both the 
nodal planes are in northeastern direction. In solution 18 near the Ten Degree Channel, 
both the nodal planes are in north-south direction. With gradual passage of latitudinal 
distance towards south, this orientation of nodal planes changes to northwest or WNW 
near Sumatra on the far south (see solutions 2, 26, 7, 8, 9 etc. in Fig. 6). The near paral- 
lelism of the nodal plane with the arcuate trend of the sedimentary arc over the full length 
of the Andaman Sea over a distance of 1,000 km suggests it to be the fault plane. The 
only exception being the solution 15 for an earthquake event located near Little Andaman 
Island, in which both the nodal planes are in east-west direction, which is orthogonal to 
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Fig. 6. Schematic orientation of the nodal planes for the 32 
focal mechanism solutions considered in the present work. 
The numbers refer to the earthquake events for which 
solution parameters are listed in Table 1. Direction of seismic 
slip vector for thrust type mechanism solutions is marked by 
thick arrows. 


the general structural trend of the outer arc. Obviously, few more solutions would be 
necessary to establish that faults orthogonal to the outer arc are also existing in the area, 
if at all. 

Normal mechanisms. ‘The mechanism solutions 1, 3,5, 12,°145 16, 17,193.20 and 22 
indicate normal faulting in the area. Normal mechanisms are found for shallow as well 
as sub-crustal (as deep as 149 km) shocks. In general, one nodal plane in the solutions 
suggestive of normal mechanisms nearly parallels the local trend of the outer arc. So- 
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lutions 3, 5, 14 and 19 for earthquake events located under the outer arc suggest pure nor- 
mal mechanisms, whereas other solutions have got some amount of strike-slip components. 
The near parallelism of the nodal planes of these solutions with the outer arc suggests them 
to be fault planes in their respective areas. 

The normal mechanism solutions (Nos. 1 and 16) are observed at the northeastern 
corner of the Andaman Sea. These two solutions are for earthquake events located at the 
continental slope (about 1,000 m), near Malayan Peninsula. Another mechanism solu- 
tion suggestive of normal faulting (solution 17) is located near the Ten Degree Channel. 
The orientation of extensional stress axis in southern 17 is analogous to that found from the 
solutions belonging to the outer Island Arc which is in east-west direction. However, near 
the locations of solutions 1 and 16, the extentional stress axis is found to be in NW-SE 
direction (near 14° N, 96° E). It may be observed from Fig. 5 that there is a curious 
gap in seismic activity between this place to the Coco Island further west. Another in- 
teresting feature being the near orthogonality of the T axis found from these two solutions 
(1 and 16) to that of the strike direction of the volcanic islands (e.g., Barren and Narcon- 
dam Islands etc.) and their associated gravity anomaly pattern. It is felt that these normal 
mechanism solutions and derived direction of extentional stress is a normal consequence of 
plate consumption on the inner side of the Island Arc. 

Transcurrent mechanisms. Over the southeastern part of the Andaman Sea, in conti- 
nuation of the Semangko Fault of Sumatra, strike-slip mechanism predominates (solutions 
4, 6, 10, 11, 23, 24 and 27). This is a clear evidence of the continuation of the Semangko 
Fault beyond Sumatra underneath the Andaman Sea up to 9° N. It also suggests that 
the tectonic forces which were responsible for the creation of Semangko Fault during Ter- 
tiary times are still very active. 

Ecucut et al. (1978) have determined five focal mechanism solutions for earthquake 
events located near the Ten Degree Channel and in the north eastern part of the Andaman 
Sea. All the five solutions (Nos. 28, 29, 30, 31 and 32), whose solution parameters are 
listed in Table 1, suggest pure strike-slip mechanisms. Event 32 is located near the Ten 
Degree Channel. This solution in conjunction with other strike-slip mechanism solutions 
belonging to the southeastern Andaman Sea offers a few interesting inferences to be drawn. 
These being: (a) the Semangko Fault possibly extends northward beyond Sumatra up to 
as far as Ten Degree Channel continuing underneath the Andaman Sea, (b) the fault zone 
almost parallels the outer sedimentary arc formed by the Andaman Group of islands up to 
this distance. This calls for a close interrelationship between the formation of the sedimen- 
tary arc and the active fault zone, (c) the negative free-air gravity anomalies immediately 
to the east of the sedimentary arc discussed earlier area ssociated with the fault zone. 
The anomalies may be partly related to the sediments accumulated in the fault zone. 
But, since the negative anomalies also encompass the sedimentary arc, and the free-air 
anomalies over the postulated fault zone and over the Andaman Basin show somewhat 
inverse relationship with bathymetry, one is led to conclude that the free-air anomalies 
are due to deeper mass distribution. ‘The earthquake events for which mechanism solu- 
tions are discussed above have focal depths ranging up to 120 km (see Table 1). In other 
words, the fault zone, characterized by strike-slip faulting is a deep-seated fracture zone 
extending through the major part of the lithosphere. (d) Another interesting feature of 
the outer Island Arc and the fault zone is the presence of ophiolites in the Andaman Islands. 
Through a detailed study of stratigraphy and plate motions associated with upper Meso- 
zoic to Pliocene ophiolite nappes of the Pacific, Indian and Mediterranean, BROOKFIELD 
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Fig. 7. A plot of dip of P axis with focal depth for the focal 
mechanism solutions listed in Table 1. 


(1977) has shown that the transcurrent faulting during changes in relative plate motions 
is the major cause of initial ophiolite nappe emplacement (see discussion on ophiolite 
nappes of the Andaman Islands in Brookfield’s paper). All these suggest that the negative 
gravity anomalies, the transcurrent motion in the fault zone, the presence of ophiolites, 
the outer Island Arc and inner volcanic arc are all related to plate motions under the 
Andaman Sea. 

A plot of the dip of P axis obtained through focal mechanism studies with focal depth 
is shown in Fig. 7. It may be noted that the transcurrent type of faulting takes place at 
shallow as well as deeper levels up to a depth of about 120 km. ‘The P axes for these solu- 
tions dip at 10° to 20°. Thrust faulting takes place up to a depth of about 90 km and the 
dip of P axes for these vary from 15° to 40°. Normal faulting takes place up to a depth 
of about 150 km and the dip of P axes for these varies from 60° to 80°. 

The shallow nature of P axes over the outer zone of Island Arc is typical of conditions 
prevailing at the outer part of the subduction zones. These results further suggest that 
practically all the three mechanisms of faulting are active in the area and are at present 
prevailing over a considerable part of the lithosphere. 

An analysis of the gravity and seismicity data along the Profile AA’ (location shown 
in Fig. 5) is presented in Fig. 8. Keeping in view the geological history of the area, the 
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Fig. 8. Free-air gravity anomalies, bathymetry, Bouguer anomalies and epicentral distribution in 
a vertical section along the Profile AA’. The location of the profile is shown in Fig. 5. A schematic 
representation of the subducting lithosphere under the Andaman Sea is also shown in the figure. 


evidence from gravity, seismicity and the nature of focal mechanism solutions, a model for 
the present day conditions prevailing in the lithosphere is suggested. For purposes of 
plotting the seismicity, the locations of earthquake foci (between 6° and 12° N) were pro- 
jected along the profile. 

It is clear from the figure that the depth of foci increases towards the east and reaches 
a maximum close to the inner volcanic arc. ‘The distribution of earthquake foci does 
not seem to be related to the narrow belt of strong negative free-air anomalies prevailing 
close to the Andaman Group of islands. ‘The prevailing anomalies also do not seem to 
have any correlation with the observed bathymetry. The strong negative anomalies close 
to the sedimentary arc suggest, abnormal mass distribution resulting in departure from 
isostatic conditions at least locally. Over the deepest part of the Andaman Sea, the free- 
air anomalies show inverse relationship with bathymetry. Strong positive gravity anoma- 
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lies over the inner volcanic arc, and a bias toward positive gravity field over major part of 
the Andaman Basin may be attributed to large scale submarine volcanism under the An- 
daman Basin. The deepest part of the inclined seismic zone is attained not right below the 
axis of the negative gravity anomalies, but is rather deflected east towards the Andaman 
Basin (over which a positive gravity bias is noted). The model suggests the existence of a 
subduction zone underneath the Andaman Sea. As a result of this subduction, thrusting, 
normal faulting as well as strike-slip faulting is taking place at depth. It is also suggested 
that as a result of relative movement of the lithosphere, magma has been created in the 
past (perhaps is also being created at present) in the upper mantle. The movement of this 
magma along faults has been manifested in the form of several volcanic features such as 
the Invisible Banks, the Narcondam and Barren Islands etc. 

The present day seismic evidence suggests that these processes are continuing at pre- 
sent. 


6. Inferred Tectonic Movements 


For a more complete understanding of plate motion in Andaman Sea region, one has 
to take into consideration the history of evolution of the Indian Ocean apart from the 
history of evolution of the Andaman Sea. A great deal of evidence obtained from mag- 
netic anomalies (LE PrcHon and Heirrzver, 1968; McKenzie and SciaTer, 1968) has 
shown that the Indian Ocean has been evolved as a result of drift of the Indian Landmass 
towards the north. As a result of this movement, the Indian Plate has collided with the 
Burmese part of the Asian Plate towards the east and the Tibetan part towards the north. 
From the analysis of seismicity and gravity data for the northern Burma, VERMA et al. 
(1976) have suggested that an active subduction zone exists at present underneath the 
Arakan Yoma and the Irrawady Basin in Burma. However, apart from subduction, large 
scale strike-slip movements in the lithosphere seem to be taking place in the entire eastern 
belt extending from Himalaya to Indonesia. Thus it appears that along the eastern 
margin of the Indian Plate, probably a substantial part of subduction is transforming into 
transcurrent motion, 

To illustrate this point further, the sense of transcurrent motion derived through the 
focal mechanism studies considered in the present work was plotted for the individual 
solutions which are shown in Fig. 9. In addition to the results discussed above, the results 
obtained for earthquakes located over inland of Burma (VERMA e¢ al., 1977) to the north 
of the present area have also been included and are shown in Fig. 9. VERMA et al. (1977) 
have reported strike-slip as well as thrust mechanism solutions for earthquakes located in 
Burma. The direction of thrusting deduced for all the thrust mechanism solutions reported 
for the Andaman Sea and northern Burma is also shown in the figure. It may be observed 
from this figure that transcurrent motions are taking place right from the Eastern Hima- 
layan Syntaxis on the extreme north to Sumatra on the far south, across the full length of 
the Irrawaddy Basin of Burma and the Andaman Sea. It is interesting to observe that the 
zone affected by transcurrent motions is relatively narrow in width but widespread in 
north-south direction over a distance of about 2,500 km. This zone of transcurrent motion 
is currently undergoing right-lateral motion as suggested by the focal mechanism studies. 
On the far south in Sumatra, earthquakes of the right lateral shear motion type are known 
to occur along the Semangko Fault trending NW-SE (Katizi and Henuwat, 1967). 
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It may be further observed from this figure that the direction of seismic slip vectors for various thrust 
mechanism solutions (shown in Figs. 6 and 7) are in the direction of the northeast in the southern part of the 
area, it swings towards east in the central part following the arcuate trend of the islands, and then turns towards 
east-southeast in the northern part (north of 12°). This suggests that the plate margin itself may be taking an 
arcuate shape in this area. 
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FOCAL MECHANISMS AND TECTONICS IN THE 
TAIWAN-PHILIPPINE REGION 


T. SENo and K. Kurira 


Geophysical Institute, Faculty of Science, University of Tokyo, Tokyo, Japan 
(Received June 10, 1978; Revised September 1, 1978) 


Seismic activity and focal mechanisms in the vicinity of Taiwan and the Philippines 
are studied to elucidate the tectonics in this complex region. Epicentral distribution and 
vertical profiles of earthquake foci support the idea that the entire Philippines is not a 
part of the Eurasian plate, but another block of lithosphere and the relative motion be- 
tween the Philippine Sea and the Eurasian plates is shared by the subduction along the two 
boundaries, west and east of the Philippines. Thrust type of mechanisms are the dominant 
mode of deformation along the eastern margin of the Philippines; in contrast, no thrust 
type of solutions are obtained along the western margin of this islands. Between Taiwan 
and Luzon, mode of plate consumption is most complex. Seismic activity is mostly 
shallow and diffuse in a 200 km wide zone. Reverse faultings along the eastern margin 
of Taiwan, strike-slip faultings off the southeastern coast of Taiwan, and normal faultings 
between the Manila trench and the North-Luzon trough are the major mode of defor- 
mation. We believe that the region between Taiwan and Luzon constitutes a left-lateral 
shear zone due to the gradual transition of site of plate consumption from eastern margin of 
Taiwan to east Luzon. Subduction under the west-facing Luzon arc in this region is likely 
to be ending now; this might be causing the opening of the sedimentary wedge behind the 
Manila trench. Normal faultings in this study probably indicate the initial phase or 
prespreading phase of opening of the area behind the Manila trench. 


1. Introduction 


The 23 focal mechanism solutions presented in this study are from almost all the 
shallow focus earthquakes occurring during the period from 1970 to 1975 in the vicinity 
of Taiwan and the Philippines. These solutions are based on the WWSSN long period 
records. Although they show that all types of mechanism solutions are found in this 
complex region, each district of the region has a dominant mode of deformation. ‘These 
focal mechanisms and distribution of recent seismicity are useful for elucidating the tectonic 
features in the Taiwan-Philippine region. 

The region concerned is made complex by the Manila trench-Luzon trough system 
to the west, the Philippine-Mindanao trench system to the east, the geologically active 
fault system in the Philippine archipelago, and the arc-continent collision at ‘Taiwan 
(Fig. 1, Lupwic et al., 1967; Hayes and Lupwic, 1967; Karsumata and SYKEs, 1969; 
Lupwic, 1970; Wu, 1970, 1978; Fircw, 1970, 1972; Cuai, 1972; Big, 1972; Karic, 
1973; Murpuy, 1973; Seno, 1977; Bow1n et al., 1978). As was pointed out by Katsu- 
MATA and Sykes (1969), it is impossible to describe the slip vectors of shallow earthquakes 
in the entire Ryukyu-Taiwan-Philippine region by only one pole of rotation between two 
plates. Blank arrows in Fig. 1 indicate the direction of convergence of the Philippine 
Sea plate with respect to Eurasia (SrNo, 1977). It can be seen that the slip directions of 
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Fig. 1. Tectonic elements in the vicinity of Taiwan and the Philippines. The inferred boundary of 
the Philippine block (SENo, 1977) is indicated by the line of trench axis and by the broken line. 
Triangles show the active volcanic centers. Slip vectors of shallow earthquakes along the eastern 
margin of the Philippines (Fircu, 1972) are indicated by the thin arrows, and the direction of the 
relative motion between the Philippine Sea and Eurasia (Seno, 1977) are indicated by the blank 
arrows. 


shallow events along the eastern margin of the Philippines (thin arrows in Fig. 1) deviate 
in a counterclock wise sense from the computed ones. This implies that the Philippines 
is not a part of the Eurasian plate but forms another block of lithosphere (SENo, 1977). 
We herein call this block of lithosphere the Philippine block; the inferred boundary of 
this block (SENo, 1977) is indicated in Fig. 1. ‘The southwestern portion of the boundary, 
speculative when inferred, is evidenced by the existence of subduction zones which border 
the islands from the Sulu and Celebes basins (MurpHy, 1975; Hamitton, 1977). The 
relative motion between the Philippine Sea and the Eurasian plates may be shared by the 
motion along the west and east sides of the block (SENo, 1977). The main purpose of 
this present study is to refine and correct this earlier investigation and delineate tectonic 
features in this complex region on the basis of seismicity and focal mechanisms. 


2. Seismicity 


Figures 2 and 3 show the spatial distribution of shallow focus and intermediate and 
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Fig. 2. Epicentral distribution of recent (1964-1976) shallow focus earthquakes (m,> 5.0, depths < 
100 km) based on the USGS data. 
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Fig. 3. Epicentral distribution of recent (1964-1976) intermediate and deep focus earthquakes 
(mp>5.0, depths> 100 km) based on the USGS data. 
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deep focus epicenters, respectively, based on the USGS data, occurring during the period 
from 1964 to 1976 in the area of the present study. Nearly all the shallow activity in the 
vicinity of the Philippines is confined to a narrow zone around the Philippine archipelago 
(Fig. 2). North of Luzon, the activity is diffuse in a 200 km wide zone. South of Min- 
danao, there are two zones of activity extending in a SSE direction to the west and north- 
east of Halmahera. Deep focus epicenters are distributed under the area from north of 
Mindanao to the Celebes Sea (Fig. 3); their depths are up to 650 km. This deep activity 
disappears abruptly at about 10°N north of Mindanao. South of Mindanao, as will be 
shown later, the deep activity can be joined with the zone of shallow activity extending 
to the west of Halmahera. The shallow activity along the Philippine trench continues to 
the zone of activity at the northeast of Halmahera (Fig. 2), as does the topography of the 
trench, and not to the zone at the west of Halmahera, thus we can say that the Benioff 
zone under the Celebes Sea, which extends northward to the north of Mindanao, is the 
subducted lithosphere which had existed at the west of Halmahera, contrary to the view of 
Fircu (1970) who considered this slab as the subducted Philippine Sea plate. ‘This point 
will be discussed later (Fig. 4). Then, it can be said that the seismic activity around the 
Philippines which indicates the present relative motion of the Philippine block with respect 
to the adjacent basins is mostly shallower than 200 km. We call the shallow activity 
along the west and east margin of the Philippines the western and eastern seismic zone, 
respectively. The western seismic zone may continue farther southward to the north of 
Sulawesi as inferred from the embryonic subduction zone there (HamiLton, 1974, 1977; 
SILVER and Moore, 1978). 

Profiles of earthquake foci may provide us with some characteristic features of sub- 
duction along the Philippine block. Figure 4 shows the vertical profiles of earthquake 
foci along the latitudinal lines south of 22°N. In section A (22°—18°N), activity is mostly 
shallower than 100 km and diffuse in a zone wider than 200 km. In section B (18°-15° 
N), two seismic zones, eastern one and western one, appear. ‘The western one, less 
active than the eastern one, appears to dip eastward. In section C (15°-12°N), the 
eastern zone shifts to the east according to the swing of the topography of Luzon. This 
zone is dipping to the west and the western one to the east. In this section, we can also 
see the activity between the two zones; this inland activity may be associated with the 
Philippine fault system. In section D (12°-10°N), we can also see the two inclined seismic 
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Fig. 4. Profiles of the seismicity around the Philippines. The foci are projected onto vertical planes 
along the latitudinal lines. 
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zones, though the western one is not very active. In section E (10°-6°N), deep activity 
whose depth is from 350 to 650 km suddenly appears. At a first glance, this activity 
appears to join with the eastern zone of shallow activity. We, however, do not take this 
view as will be seen in the next profile. In section F (5°-2°N), we can see two zones of 
shallow activity which are corresponding to the two seismic zones extending to the west 
and northeast of Halmahera in Fig. 2. The eastern seismic zone, which appears to dip 
steeply in the deeper part, is the continuation of the shallow activity along the Philippine 
trench as can be seen in Fig. 2. The westerly dipping slab-like zone in this profile can be 
joined with the western zone of shallow activity and not with the eastern one. Thus, also 
in section E, the deep activity, which is the northward continuation of the deep activity in 
section F, cannot be joined with the shallow activity along the Philippine trench. This 
leads us to conclude that the westerly dipping deep activity under the Philippines indicates 
the subducted slab which had existed at the west of Halmahera and not the subducted 
Philippine Sea plate. 

In these profiles, active volcanic centers are also shown. Their distribution appears to 
be associated with the distribution of the Benioff zones, though more close examination of 
chemical composition of volcanic products may be needed to correlate the volcanic ac- 
tivity with the plate subduction (e.g., HATHERTON and Dickinson, 1969). 

Seismic activity along the geologically active Philippine fault system in the archipel- 
ago is not distinct in Figs. 2 and 4. We do not agree with the view of Fircn (1972), 
Mourpuy (1973), and Hamitton (1977), that this fault system plays an important role in 
the interplate deformation between the Philippine Sea and Eurasia, as was discussed by 
SENO (1977). 

Depth of seismic zone may provide important imformation on the rate of plate sub- 
duction; we plot the deepest point of the eastern and western seismic zones around the 
Philippines versus latitude (Fig. 5). It should be noted that we do not use the deep ac- 
tivity under the Philippines in this plot. The depth of eastern seismic zone shoals to the 
north surprisingly linearly. If the difference in depth of the seismic zone is due to the 
difference in rate of plate convergence, we can locate the pole of rotation of the Philip- 
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Fig. 5. Distribution of seismic activity with depth as a function of latitude. 
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pine Sea plate relative to the Philippine block at about 21°N. This pole position is 
consistent with the slip directions of the shallow events along the eastern seismic zone (see 
Fig. 1 and also Seno, 1977). The western seismic zone being less active than the eastern 
one, the depth-latitude relation had to be inferred. But, it appears to shoal to the south. 
The arithmetic sum of the depths of the two seismic zones is almost constant (250-350 
km), but it looks to shoal to the north slightly. It is interesting to note that the deepest 
point of the Ryukyu seismic zone is 250 km (Katsumata and Syxes, 1969). Thus the 
difference in depth between the Ryukyu and Philippine seismic zones is consistent with 
the convergence rate of the Philippine Sea plate with respect to the Eurasian plate, if and 
only if we take the arithmetic sum of the depths of the two seismic zones around the 
Philippines. This supports the idea that the both boundaries of the Philippine block 
share the relative motion between the plates. 

Between Taiwan and Luzon is a hiatus of subduction zone; we discuss the mode of 
deformation in this area in a later section. 


3. Focal Mechanisms 


The 23 focal mechanisms presented in Fig. 6 are from shallow focus earthquakes oc- 
curring during the period from January 1970 to December 1975. The events that yielded 
reliable focal mechanism solutions were selected from a list of all shallow events reported 
to the USGS. Nearly all the focal mechanisms came from the events with body-wave 


Table 1. Parameters for Taiwan-Philippine shallow earthquakes from 1970 to 1975. 


Satie ‘ Depth Pole 1 Pole2 P Axis T Axis B Axis : 
tions Date fegton (km) AZ PL AZ PL AZ PL AZ PL Az PL ®2™* 
1 Feb.5,1970 12.58N 122.09E 8 119 0 209 24 25716 16017 30 66 
2 Apr.7,1970 15.78N 121.71E 40 106 74 28616 10629 28661 15 0 
3 Apr. 12,1970 15,08N 122.01E 25 73 2 34128 3223 29416 169 61 
4 Jan. 4, 1972 22.50N 122.07E 6 3610 307 4 82 4 351 10 194 79 
5  Jan.8,1972 20.95N 120.26E 36 42 44 278 30 32658 7110 168 31 
6 Jan. 25,1972 22.56N 12237E 29 72 0 162 0 117 0 207 0 090 
7 ‘Apr. 17,1972 24.10N 122.44E 48 17370 32718 15427 31462 60 8 
8 Apr. 24,1972 23.60N 121.55E 29 9944 31540 116 1 22 0 20919 
9 Apr. 25,1972 13.38N 120.34E 38 71 20 332 24 293 2 2331 196 59 


10 May 22,1972 16.66N 122.19E 36° «1315899277 27 JO9MNIG 244767 15 16 
11 dept. 22, 1972 22-37N)) IZ I6E 8 173 4 285 79 184 48 344 40 82 10 
12 Nov. 91972) 23.87N 12161 22 VOC RAAB S 2 VA 0 24 eee) 17, 
13 Decry 2 1972 6.41N 126.62E 73 64325 299) 42027 14 10) 53176930 
14 eb la elo 3m 22. 27Neme leo 2 Es See t0 e212 42030 ee OSE COR ieee OnO2 
15 Mar. 9, 1973 6.32N 127.38E ZN V12925) 22132 163 451256 Gee 354845 
16 July 3, 1973 12.27N 125.32E 47 284 20 104.70 104 25 28465 14 0 
i) July 5, 1973 13.18N 124.65E 18 164 40 344 50 164 85 344 5 74 0 
19 Bebo 19/4 1O,93INe 20M 3 Bi 21599 238°35) 348927 29 7e47 0 le el O5a42 
20 Aug. 23,1975 10.04N 125.86E 68 OF T5S a2 12730 Ole O07 lemelyomtul 
21 Oct 2 97oy LIRGSN LASSE, 26 164 60 344 30 344 75 16415 74 0O 
22 Oct. 31,1975 12.47N 126.01E 48 AS) YO I) 202 7 BP Ns INS 
23 Dec. 6,1975 17.42N 119.68E LOL SON 2336013 336005 el 56827 OGMO 


DQORPQOLPORPP POPP PEEP rrr rwAO 


Data for the epicentral location and depth are from the Bulletins of the International Seismolo- 
gical Centre. AZ denotes azimuth, PL plunge. 

* Rank represents the reliability of the solutions: A denotes the case that both of the nodal 
planes are constrained with little arbitrariness, B the case that one of the nodal planes is constrained 
well, and C the case that both of the nodal planes have large arbitrariness. 
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Fig. 7. Compilation of focal mechanism solutions south of 17°N. Number attached with the 
solution denotes earthquake in Table 1. Solutions F 35 and F 37 are from Fircu (1970). 


magnitude greater than 5.6. The mechanisms are shown as equal area projections of 
the lower hemisphere of the focal sphere; their parameters are presented in Table 1. 
To determine the nodal planes of the mechanisms, we used the first motion of long-period 
P-wave and the polarization angle of long-period S-wave recorded by the seismographs 
of WWSSN. In some cases, P-wave data are not sufficient to determine nodal planes; in 
some of such cases, S-wave data were used effectively to determine the nodal planes using 
the computer program written by Hirasawa (1970). Mechanism solutions are ranked 
according to the reliability of their nodal plane solutions (Table 1, see foot notes). 


258 T. Seno and K. Kurita 


In Fig. 7, mechanism solutions in the area south of 17°N are plotted on the bathy- 
metric chart (U.S. Nava Oceanocrapuic Orrice, 1969). ‘Two solutions in the earlier 
period by Frrcx (1970) are also incorporated into this figure (F35 and F37). 

Along the Philippine trench, thrust type of mechanisms are obtained under the land- 
ward slope of the trench and the edge of the continental shelf (Nos. 16, 20, F35, F37). 
Two normal faultings are distributed at the trench axis (Nos. 15, 22) and one at the axis 
of a canyon extending from the southernmost Luzon to the trench (No. 17). Farther 
north, along the eastern margin of Luzon are found two thrust type solutions (Nos. 2, 10). 
Topography of the trench does not develop well there; however, a steep submarine scarp 
and a shallow trough extend along the east coast of Luzon, and join with the Philippine 
trench at about 13°N. We believe that this scarp and trough represent an incipient stage 
of subduction zone as is suggested by Karic (1973). One strike-slip faulting is obtained 
where the scarp along the east Luzon swings to the east (No. 3). The aftershock dis- 
tribution of this event is elongated in an E-W direction; this indicates that the E-W trend- 
ing nodal plane isa slip plane. The E-W trending scarp must play a role of transform fault 
here as was pointed out by Karic (1973); this event can be interpreted to indicate a 
sinistral shear motion along this transform boundary. 

Thrust type solutions along the eastern margin of the Philippines are consistent with 
underthrusting of the Philippine Sea plate beneath the islands from the east. As was 
mentioned earlier, the slip direction of these shallow events deviates from the NW-SE 
direction of the relative motion between the Philippine Sea and the Eurasian plates. 
The difference in the sense of motion implies that the Philippine block is moving to the 
northwest with respect to Eaurasia (SENo, 1977). 

In contrast to the eastern margin of the Philippines, no thrusts are obtained along the 
western margin of the islands. Three strike-slip faultings and one normal faulting are 
obtained from Mindoro to Panay (Nos. 1, 9, 18 and No. 21). Though we can see an 
inclined seismic zone here (Fig. 4), it is not easy to conclude that these events represent 
the interplate deformation between the Philippine block and the adjacent basins. If 
these events are interpreted to indicate interplate deformation, the northwestward trending 
nodal planes of the strike-slip faultings are consistent with the northwestward migration 
of the Philippine block with respect to Eurasia. It is, however, also possible to interprete 
these events as indicating the intraplate deformation caused by the E-W compressional 
tectonic force due to the subduction of the Philippine Sea plate under the islands from the 
east. Seismic activity along the western margin of the Philippines is less active than along 
the eastern margin (Fig. 2) and no thrust type of mechanisms are obtained there; this may 
provide a line of evidence for the idea that the subduction of the marginal basins under 
the Philippine block from the west is now ceasing and arc polarity reversal is currently 
taking place from the western boundary to the eastern one (e.g., Bows e¢ al., 1978). This 
point will be discussed later. 

South of Panay, no focal mechanism solution was obtained for the period treated in 
this study. However, a large earthquake (Ms=7.8) occurred on August 16, 1976 in the 
region of Moro gulf, northern Celebes Sea, south of Mindanao. Focal mechanism of 
this event indicates an eastward subduction of the Celebes basin under the Mindanao 
(Stewart and Coun, 1977). The relative motion of the Celebes basin to Mindanao 
does not necessarily coincide with the one inferred between the Philippine block and 
Eurasia. This implies that the Celebes basin is likely to be detached from Eurasia. 
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Fig. 8. Compilation of focal mechanism solutions north of 17°N. Number attached with the solu- 
tion denotes earthquake in Table 1. Solutions KS3 and KS10 are from Katsumata and Sykes 
(1969). 


The idea of dormant arcs in the marginal basins of southeast Asia (Murpuy, 1975; 
HamitTon, 1977) supports this possibility. 

In Fig. 8, the focal mechanism solutions south of 17°N are plotted on the bathymetric 
chart. Two solutions of the events in the earlier period by Karsumata and Sykes (1969) 
are also incorporated into this figure (KS3, KS10). Main features of mode of deformation 
in this area are as follows: a thrusting between the Ryukyus and Taiwan (No. 7), high 
angle reverse faultings along the east margin of Taiwan (Nos. 8, 12), strike-slip faultings 
off southeast Taiwan (Nos. 4, 6, 14), and normal faultings in the area between the Manila 
trench and the North Luzon trough (Nos. 5, 11, 19, 23, KS3, KS10). During the period 
before 1970, large events of strike-slip faultings occurred at the junction between Taiwan 
and the Ryukyus, of which tectonic significance has been in dispute (Wu, 1970, 1978; 
Supo, 1972). The most prominent features of the present focal mechanisms, which differ 
from the earlier investigations (KaTsuMATA and Sykes, 1969; Wu, 1970; Supo, 1972), 
are the normal faultings in the area between the Manila trench and the North Luzon 
trough and the strike-slip faultings off southeast Taiwan. 

The region from the junction between Ryukyu arc and Taiwan to north Luzon is one 
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of the most complex parts of the Philippine Sea-Eurasian plate boundary (Karic, 1973; 
Mureny, 1973; Bio, 1972; Cuat, 1972; Seno, 1977; Bow1n ¢t al., 1978). Taiwan is a 
hiatus of subduction zone and has been a place of collision between the west-facing Luzon 
arc and the continent of Asia since Pliocene time (CHat, 1972; Karic, 1973; Bowin 
et al., 1978; Wu, 1978). The Ryukyu island arc changes its trend in the vicinity of Taiwan 
and abuts against the crustal block of northeast Taiwan (Fig. 9, Bowin et al., 1978, Fig. 1). 
South of Taiwan, there are the west-facing Luzon arc, the Manila trench and the North 
Luzon trough (forearc basin), and the volcanic islands. The portion between the Manila 
trench and the North Luzon trough is a topographic bulge interpreted as an accretionary 
wedge (Bow1n et al., 1978). The events of normal faultings are distributed under this 
sedimentary wedge. Their epicenters (International Seismological Centre) are located 
certainly eastward of the trench axis within the error of epicentral determination (Fig. 8) 
and theirfo cal depths are ranging from 8 to42km. Thus these normal fault type of mech- 
anisms present a quite difficult problem of why the extensional feature is possible under 
the accretionary wedge of subduction zone. We shall discuss this problem later. 

Though distribution of epicenters in the vicinity of Taiwan is not presented in this 
study, recent study of seismic activity (Tsar et al., 1978) and the earlier investigations (Wu, 
1970; Hsu, 1971; Supo, 1972; KatsumaTa and Sykes, 1969) show that the activity is 
mainly along the east margin of Taiwan and at the junction between Taiwan and the 
Ryukyus. The latter activity is most intense and presents a northward dipping tongue- 
like slab whose depth is up to 140 km (Tsar e¢ al., 1978). A thrust type of event at the 
Ryukyu-Taiwan junction (No. 7, Fig. 8) probably indicates underthrusting of the Philip- 
pine block under Asia. The activity along the east Taiwan is shallow, mostly within 
40 km depth, and confined in an area that has a 100-200 km width in the E-W direction; 
this seismic area is truncated by the Longitudinal Valley fault at the west end (Tsai e¢ al., 
1978). Reverse faultings along the eastern margin of Taiwan (Nos. 8, 12) show that dip- 
slip motion occurs along the Longitudinal Valley fault in addition to the sinistral shear 
motion as evidenced geologically and seismologically (ALLEN, 1962; Hsu, 1962; Kaneko, 
1970). 

Between southern Taiwan and north Luzon, seismic activity is shallow and makes a 
diffuse zone of 100-200 km width in the E-W direction (Fig. 2, and Tsai et al., 1978). 
Here we cannot apply the idea of double arc such as discussed in the area south of 17°N; 
we recall that the pole of rotation of the Philippine Sea plate with respect to the Philippine 
block is located at about 21°N, thus the eastern boundary of the Philippine block must 
vanish at the north of Luzon. We propose a model for plate consumption in this area as 
illustrated in Fig. 9. We agree with the view that arc polarity reversal, probably in 
response to collision at Taiwan, is now taking place between the west-facing Luzon arc and 
the new subduction boundary along the east margin of Luzon (Karic, 1973; Karic 
and Waceman, 1975; Bown et al., 1978). This new subduction boundary is likely to 
extend farther north along the Palaui ridge (Fig. 8) from the west margin of Luzon, be- 
cause a free-air gravity anomaly low and/or a topographic feature which indicate an em- 
bryonic subduction zone continues to about 19°30’N along the Palaui ridge (Bow1n et al., 
1978) and because the pole of rotation of the Philippine Sea plate relative to the Philippine 
block is located at about 21°N. The rate of subduction along this boundary must taper 
off to the north and probably ends at about 21°N. Therefore, the extent of interplate 
deformation along the eastern margin of Taiwan must taper off to the south in response 
to the gradual increase of the rate of plate consumption to the south along the east Luzon 
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Fig. 9. Model for palte consumption in the region between Taiwan and Luzon. Thickness of the lines 
along the eastern margins of Taiwan and Luzon shows the relative rate of plate convergence along 
these boundaries. 


subduction zone. ‘This is schematically illustrated in Fig. 9. Some extent of plate con- 
sumption is probably taking place along the Manila trench in this area. We, however, 
believe that the subduction along the west-facing Luzon arc in this portion is now ending 
because the collision at Taiwan hinders the subduction of the south China basin under 
the Luzon arc as suggested by Bown ef al. (1978). Thus the major portion of interplate 
deformation in this area is described by the gradual southward decrease of plate con- 
sumption along the eastern margin of Taiwan and, in contrast, by the gradual increase 
along the east margin of Luzon. ‘This configuration would produce a left-lateral shear 
in a NW-SE direction between Taiwan and Luzon (Fig. 9). This type of interplate de- 
formation is termed as ‘transform belt’ by IsHrpasui (1978) who presented a similar type of 
deformation in the Izu peninsula at the northernmost part of the Philippine Sea-Eurasian 
plate boundary. 

Now the mysterious features of seismic activity and focal mechanisms between ‘Taiwan 
and Luzon may be understood as follows. ‘The diffuse activity between southern ‘Taiwan 
and north of Luzon is interpreted as indicating the activity due to the shear zone in this 
region. Three strike-slip events off the southeast Taiwan (Nos. 4, 6, 14) are with north- 
westward striking nodal planes consistent with the left-lateral shear motion of the trans- 
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form belt. Segmented ridge and trough system north of Luzon also indicates a left-lateral 
shear in a NW-SE direction (Fig. 8), contrary to the Karic’s (1973) interpretation of left- 
lateral shear in a NE-SW direction. ' 

The tectonic stress regime along the Manila trench is likely to be turning to extension 
from compression in resporise to the cessation of subduction along this boundary; this 
would make the opening of the portion between the Manila trench and the North Luzon 
trough. Normal faultings (Nos. 5, 11, 19, 23, KS3, KS10) may indicate the incipient 
phase of spreading in this portion. Seismic profiles in east-west cross-section of this region 
show vertical faults between the accretionary bulge and the trough sediment which in- 
dicates the uplift of the bulge relative to the trough sediment (R.N. Anderson, personal 
communication, 1978). Thus the region from the bulge to the trough forms a horst- 
graben structure, which may indicate an original uplifting phase of opening (R.N. Ander- 
son, personal communication, 1978). Three heat flow measurements at the northernmost 
corner of the Manila trench (ANDERSON ¢¢ al., 1977) show the values from 1.8 to 2.6, which 
are abnormally high compared with that associated with trench. This also supports the 
speculation that this is a region of incipient spreading. Normal fault type of mechanisms 
presented in this study may provide an important piece of evidence for the initial or pre- 
spreading phase of opening of marginal basin due to the change of mode of plate con- 
sumption. Reconnaissance of this region is amply warranted because of its importance to 
elucidate the diverse behaviour of consuming plate boundary. 


We wish to thank S. Uyeda and C.O. Bowin for their critical review of the manuscript. We also wish to 
thank T. Eguchi for assistance of plotting epicenters and line drawings utilizing computer and R.N. Anderson, 
Y.B. Tsai, and G.S. Stewart for offering us their data before publication. We benefited with discussion with 
R.N. Anderson, F.T. Wu, H. Mizutani, Y. Matsubara, R.W. Murphy, and K. Ishibashi. 
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Taiwan represents a very young arc-continental margin collision zone in a long sub- 
duction boundary. The collision started in Late Pliocene and is still vigorously taking 
place. Off coast of NE Taiwan a northward subducting slab, extending west at depth to 
northern Taiwan, can clearly be defined; although most parts of Taiwan have been rising 
steadily at about 5 mm/year for the last 8,500 years, northern Taiwan has had periods with 
no uplift. The intensity of the collision decreases toward the south off the island, and an 
east-dipping subduction zone can be delineated there. Thus Taiwan can be viewed as a 
transform zone in between two subduction zones with quite different geometries. 

Seismically Taiwan is much more active than its neighbors, the Ryukyus and Luzon. 
Large earthquakes reveal the nature of the intense on-going intra-plate deformation; on 
land, EW compression or left-lateral shear occur along NNE faults and right-lateral shear 
occur along nearly EW faults; offshore to the southeast of Taiwan, left-lateral shear along 
NWW or NW faults and thrusts in several directions coexist; to the northeast, the focal 
mechanisms agree well with other subduction zones. The Ryukyus are terminated at 
about 123° E by a number of NNE striking right-lateral faults. Focal mechanisms to the 
southeast of Taiwan are consistent with a tectonic stress direction of S46° E to $76° E 
and plunging at —2° to 15°. 


1. Introduction 


The tectonics of Taiwan presents several points of interest. First, Taiwan is an anom- 
alous member of the Ryukyu-Taiwan-Luzon-Philippine arc chain; whereas Ryukyu, 
Luzon and Philippines can be interpreted in terms of subduction of lithosphere albeit with 
complications in the case of Luzon-Philippines (Fircu, 1972), Taiwan represents a hiatus 
in a long subduction boundary; no systematic active andesitic volcanism along the trend 
of the Island and no recognizable bathymetric features exist in the vicinity of the Island 
that are usually associated with island arcs. Although a plate boundary here can be 
clearly defined in terms of a transition from oceanic crust to continent-like crust and other 
geological features indicating the past activities along this boundary, this boundary is not 
the only active feature and current intense shallow crustal deformation in this area extends 
to both sides of this boundary for more than 100 km. Secondly, the orogeny that produced 
a rather impressive mountain range (attaining a maximum height of 4,000 m), started 
sometime in Late Pliocene (Cua, 1972; Cuov, 1973), increased its intensity throughout 
Pleistocene and is probably in the most active stage at present (L1, 1976); the incipience 
of the anomalous situation described above and the emergence of Taiwan were apparently 
concomitant and the present day tectonics is related closely to the orogeny that produced 
the Island. 

The atypical nature of Taiwan as a member of an island arc chain has been recognized 
by many geologists. Biq noticed the apparently reversed convexity, the presence of nega- 
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tive Bouguer anomaly over the Island and positive anomaly in the eastern part of the Island 
(Big, 1960, 1971) and concluded that Taiwan had been a continent-facing arc from Mio- 
cene to Pliocene and has undergone a transition to block tectonics since Pleistocene (BIQ, 
1971) but it may not yet have reached a steady state (Big, 1972). On the other hand, 
Juan and Wane (1971) and Juan (1975) considered Taiwan a coastal range of the main- 
land Asia originally and had subsequently accreted ocean-ward by successively retreating 
subduction. While Brg (1964) hypothesized an east-dipping subduction zone under the 
Coastal Range, JuAN (1975) proposed the rotation of a west-dipping subduction zone into 
a vertical zone in Early Pliocene. Cuat (1972) was among the first to propose that the 
Coastal Range represents a former west-facing arc, i.e., with an east-dipping Benioff zone, 
and the westward migration of the trench line (with respect to the Asian continent) led 
eventually to the collision of the arc with the miogeosyncline on the margin of the Asian 
continent, whence the formation of the Island. Karic (1973) considered Ryukyu, the 
Philippines together with Taiwan and reached similar conclusions. 

Due to a paucity of data, the polarity of the Bashi-Northern Luzon arc has not been 
ascertained (KatTsuMATA and Sykes, 1969; Lupwic, 1970); but a short nascent subduc- 
tion, perhaps west-dipping, may exist on the east side of Luzon (Fircn, 1972; Bowin et 
al., 1978). With more seismic data since 1968, we can now be quite sure that the Bashi- 
Northern Luzon arc is indeed east-dipping as suspected. On the other hand, the west- 
dipping Ryukyu arc has always been recognized (KaATsuMATA and SyKeEs, 1969 among 
others). Thus between these two oppositely directed arcs Taiwan can, in a broad sense, 
be viewed as a transform zone. At present, this transform is accomplished by movements 
along definable boundaries and a substantial amount of intra-plate deformation under the 
ocean floor and on land. 

Recently new data relevant to the interpretation of the tectonics of Taiwan have been 
accumulated rapidly. A newly established seismic network of 20 telemetered stations 
has been providing good location data for events down to magnitude 2 on the island and 
in the vicinity; a few detailed microearthquake surveys are now available mapping out 
active faults; and using local and teleseismic network data crustal and mantle structure 
in the vicinity of Taiwan have been determined (Lu, 1976). In addition, a new geological 
map has recently been published (Ho, 1974) and more geological data have been analyzed 
(see for example Juan, 1975 for a partial bibliography). Also of great importance is the 
acquisition of marine geological data in the seas around Taiwan (Bow1n eé al., 1978; R.S. 
Lu, personal communication, 1978). 

In the present paper, we shall attempt to analyze the pattern of crustal movements 
on ‘Taiwan and in its vicinity based on seismological as well as geological data, and from 
there we hope to understand the tectonics since Late Pliocene, when the Island as we now 
know came into being, by extrapolation. It should be remarked here that in most of the 
works cited, a two-dimensional interpretation of the tectonics was made, however there 
are clear variations in the north-south direction and they should be explained. 


2. Geology 


Most of the surface geological data have recently been compiled into a new geologic 
map for the Island (Ho, 1974); its explanatory text provides a comprehensive survey of 
the geological literature on Taiwan (Ho, 1975). In Fig. 1, we have presented a sim- 
plified version of it. Several detailed descriptions of the geology of Taiwan written pre- 
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Fig. 1. Simple geologic map of Taiwan. The numbers in the figure refer to the following rock units: 
1+2-+3, Late Paleozoic to Mesozoic metamorphics; 4, Eocene; 5, Eocene to Oligocene; 6+7, 
Oligocene to Miocene; 8, Miocene; 9+10, Early Miocene; 11, Middle Miocene; 12, Late Mio- 
cene; 13, Late Miocene to Pliocene; 14, Pliocene; 15 and 16, Pliocene and Pleistocene; 17, 

Pleistocene; blank, Holocene Alluvium. Major cities and off-shore islands are named. 


vious to the publication of this map are still valid to a large extent (Ho, 1967; Cuatr, 1972; 
among others). In this section, we shall merely outline aspects of geology of Taiwan that 


will be relevant to our discussions later. 
Physiographically, four provinces can be distinguished on Taiwan. These are, from 
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east to west, the Coastal Range, the Central Range, the Foothills and the Coastal Plain 
(Fig. 2). The division of the provinces can be seen clearly on the LANDSAT (ERTS) 
image of Taiwan (Fig. 3). 

The Coastal and the Central Ranges are separated by a striking feature, the Lon- 
gitudinal Valley (Figs. 1, 2 and 3). The floor of the Valley is about 200 m above the sea 
level and has a width of 5 to 7 km. On the eastern side of this Valley the Coastal Range 
trends about N20°E and attains a maximum height of about 1,600 m. On the western 
side, the Central Range is parallel to the Coastal Range in the central and southern parts; 
toward the north however, it gradually turns to assume a northeastern trend. The ascent 
from the sea level to the respectable height of 4,000 m in the Central Range is achieved in a 
distance of not more than 35 km. The descent toward the west from the ridgeline is much 
slower; a belt of relatively low hills, the Foothills, separates the high mountains from the 
western Coastal Plains. 

The oldest rocks crop out on the eastern side of the Central Mountains (Fig. 1): they 
are strongly deformed and metamorphosed and are probably Late Paleozoic to Mesozoic 
in age, based on a few Permian fossils. The rocks include graphite schists, quartz schists, 
marble, injection gneiss and paragneiss. Age dates are not yet available for most of these 
rocks, and, as a consequence, the Pre-Tertiary history is not clear. Some geologists be- 
lieve that these rocks were metamorphosed during a Mesozoic orogeny (B1Q, 1971). 

A sequence of slates, phylites, quartzite, locally with irregular bodies of graphite and 
carbonaceous shale form the record of Eocene and Oligocene; these rocks crop out either 
directly to the west of the Late Paleozoic-Mesozoic metamorphic sequence or to the west 
of the metamorphosed Miocene strata (Fig. 1). 

The Miocene rocks on the western side of the Longitudinal Valley appear very ex- 
tensively in the eastern Foothills, and also in thrust blocks on the western side of the Central 
Mountains (Fig. 1). Miocene rocks in the Central Ranges are generally metamorphosed 
and they include black schists, phylites and slightly metamorphosed shales. The Miocene 
rocks in the Foothills and in the thrust blocks have been studied in greater details. In 
general they consist of alternating sandstone and shale beds; in the northern part of the 
Island, they are quite often coal bearing but no coal seams are found to the south of an 
east-west line going through Peikang (Fig. 1), near the crest of the so-called “Peikang 
Basement High” (MENnc, 1967), and shale beds dominate in the southern part of the Island. 

Pliocene rocks in the western Foothills are composed of shale, siltstone, and thin lithic 
greywacke in the lower part and fine to coarse grained lithic greywacke with shale in the 
upper part. The upper part is deemed a flysch type of deposit and the commencement 
of deposition of this layer is considered the beginning of the present phase of the Taiwan 
Orogeny. (Big, 1966; see later discussion). 

Pleistocene rocks in the western part of the Island consist of two distinct facies; Early 
Pleistocene is represented by alternating lithic greywacke and shale, much like that of the 
upper formation of the Pliocene sequence, and the upper unit of the Pleistocene sequence 
is a thick conglomerate unit consisting mainly of boulders of Paleocene quartzite and other 
rocks, representing post or syn-tectonic Molasse. 

East of the Longitudinal Valley the oldest rocks exposed belong to Miocene. Early 
Miocene andesitic agglomerates are widely distributed. ‘They tend to form mountain 
ridges. Mid-Miocene and Eearly Pliocene rocks consist of a thick sequence (~3,000 m) 
of shale, siltstone, ill-sorted sandstones, and conglomerates. Late Pliocene rocks in the 
southern Coastal Range appear as a mélange composed of serpentinite, basalts, andesites, 
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agglomerate, limestone and sandstone (Ho, 1978). Rocks of similar nature also appear 
in the southern tip of the Island; although the rocks there are not as well understood as 
the Coastal mélange. A series of conglomerates forms the upper Pleistocene and Holocene 
outcrops. 

As we have mentioned’ above that in the Coastal Range there are Miocene (K/Ar 
age of 17-22 my) andesites. These are the only extensive Pre-Pleistocene volcanics on the 
Island. The two islands to the southeast of Taiwan, Lanyu and Lutao are also composed 
of Miocene and Pliocene andesites (Ho, 1975). Judging from magnetic- and gravity- 
anomaly trends in the ocean (Lu eé¢ al., 1977; Bowtn et al., 1978), these islands may link up 
with the andesites in the Coastal Range. In the Miocene strata of northwestern Taiwan, 
limited basaltic rocks and tuffs are present: the basalts occur as fissure flow or sills. Large 
exotic blocks of ultrabasics, serpentinites and basalts are found in the Coastal Range mé- 
lange. The age of these rocks is not clear. 

A series of basaltic, andesitic, and dacitic extrusions forms a group of volcanoes, 
agglomerates and small intrusions in northern Taiwan (Fig. 1). Although no age dates 
for them are yet available, based on the inter-fingering relation with the Pleistocene con- 
glomerates (Ho, 1968), and the uniform normal polarization of the paleomagnetic poles 
(Hsu et al., 1966) we can give it a maximum age of 800,000 years. 

It is generally agreed that the Coastal Range represents a compressed former island 
arc system that existed since early Miocene (Cua, 1972). During Miocene, the area west 
of the arc was probably a sedimentary basin not unlike the present continental shelf of 
Asia. The sense of subduction has been a subject of controversy; JAHN (1972) postulated 
an east facing arc, but later authors argued strongly for a west facing arc starting from 
Early Miocene (Cuai, 1972; Karic, 1973). Because of the continued counterclockwise 
rotation of the Philippine Sea Plate, with respect to the Eurasian Plate, the trench moved 
westward relatively to the Asian mainland. During Miocene, as the island arc approached 
the continental margin, the crust near the continental margin was progressively depressed. 
Since the trench was apparently not parallel to the continental margin, the northern part 
of the depositional basin was on the continental shelf (north and northeast of the present 
Peikang Basement High) and the southern part was in the ocean basin; due to the thinner 
crust of the ocean basin, the depression was more pronounced. Such deposition and 
deepening continued—perhaps more vigorously—through Early Pliocene. The sources 
for the sediments during Miocene and Early Pliocene are mainly from the west-northwest, 
namely, in the area presently occupied by the Taiwan Strait (CHou, 1973). 

The cessation of subduction in the vicinity of Taiwan and the collision of the island 
arc with the continental shelf occurred most probably in Late Pliocene. At that time, 
the source of sediments in the Taiwan depositional basin (both the southern and northern 
parts) switched from a western one to an eastern one signalling the rise of the Central 
Mountains. ‘The deposition of the Pleistocene conglomerate probably represent the peak 
of the orogeny (Wu and Lu, 1976), although as we shall see later, the tectonics in and 
around ‘Taiwan is still at a very active stage. 


3. Crust and Upper Mantle Structures 


The recently established telemetered seismographic network, the microearthquake 
surveys in various areas (e.g., Tsar and Liu, 1977) and gravity surveys in the Plains as well 
as along newly opened cross-island highways all provide data that allow us to determine 
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the crustal structure under and upper mantle structure around Taiwan. ‘The present 
results were derived from data up to mid-1975, incorporating shallow (<7 km) reflection 
and refraction as well as deep well data; the details of data source and methods used can 
be found in Lu (1976). 

Figure 4 shows the crustal structure based on gravity and seismic data. The rectan- 
gular boxes indicate seismically determined horizons. The line of profile is shown in Fig. 
9 including the Peikang Basement High in western Taiwan and the middle section of the 
Coastal Range. The most prominent feature in this interpretation is the discontinuity 
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Table 1. Historical seismicity (1644-1900) (M>6). 


Year-Month-Date Lee Nature of damage Int. Mag. Remarks 
1644-7-30 S. Taiwan Tsunami in Anping IX-X 7 
f Citadel wall demaged 
Liquefaction of lowlands 
1654-12-14 Anping* Felt aftershocks 
lasted for 7 weeks 
1655 Anping Three weeks of Vill 6.5 
aftershocks 
Liquefaction 
Citadel wall cracked 
1661-2-15 Tainan Many houses collapsed IX-X 7 
Yuchin Ships in harbor rocked 
‘Sanhua Wave breaks like clouds 
(Tsunami) 
Aftershocks lasted for 
6 weeks 
Ground fissues 
1686-5-12 Chiayi Houses destroyed and VII- 6 
Tainan damaged VIII 
Fengshan 
1694-4-24 N. Taiwan Part of the Taipei IX 6.5 
5.23 (unsure) basin subsided 
1715-10-11 Chiayi Houses collapsed Vil 6 
Fengshan 
Tainan 
1720-10-31 Tainan Houses destroyed IX-X  6.5-7 
1721-01-05 Chiayi Surface faulting 
Fengshan Liquefaction VIII 6 
Aftershocks lasted for 
10 days 
1736-1-30 Changhua Twin shocks Vill 6 
Chiayi Destroyed many 
Tainan houses 
Fengshan 
1792-8-7 Tainan Meitznkeng fault X-XI 7.5 
Chiayi activated 
Changhua Foreshock on prev. 
Fengshan day 
Tanshui Seiches 


Extensive liquefaction 
Intense shaking, houses 
destroyed. Followed 


by fire 
Ground cracks 
1711-10-22 Chiayi Buildings destroyed XIII 6 
Tainan 
Fengshan 
Tanshui 
1815-7-11 Ilan Liquefaction Vill 6.5 
Tanshui Houses destroyed 
Taipei 
Miaoli 
1839-6-27 Chiayi 12 foreshocks felt in IX 6.5 
Tainan Chiayi 
Fengshan Chiayi completely 
destroyed 


Limited in area 
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Teble. 1 (Continued) 


Year-Month-Date Sacer Nature ef damage Int. Mag. Remarks 
1845-2 Changhua Houses destroyed Vil 5,.5-6 
(4,200) 
1848-12-3 Changhua Liquefaction IDS 6.5 
Chiayi Town of Changhua 
Lukang completely destroyed 
1862-6-7 Chiayi Liquefaction xX 7 
Tainan Ground fissures 
Tanshui 
1867-12-18 Keelung 10 m Tsunami in IX 7 Probably 
Chinshan Keelung harbor offshore 
Liquefaction 
: Ground cracks 
1882-12-9 Anping Houses and citadel VIil- =6 Probably between 
Tainan walls destroyed VIII Penghu and 


Chiayi and damaged Tainan 


* Historical name of Taiwan harbor, where population concentrated. 


beneath the Longitudinal Valley and the Coastal Range. The velocities under the Coastal 
Range do not correspond to any particular known type of crusts. The top layer probably 
represents a sedimentary (Mio-Pliocene) layer; the second layer velocity is within the 
range of that for a Pacific “‘transition layer” (SHOR et al., 1970). But the third layer in 
the ‘“‘average”’ Pacific structure with velocity of about 6.8 km/sec is missing. This layer 
may be actually absent, but it is likely that either the refraction line is not well covered 
enough to detect that layer or the layer is fractured badly so that no distinctive disconti- 
nuity in velocity can be found. 

The velocity structure under the main part of the Island is very similar to that of a 
continental crust; the mantle velocity of 7.75 km/sec is typical of a tectonically active 
region such as Basin and Range Province of western U.S. (HEALy and Warren, 1968). 
Such value is also prevalent for the mantle under Japan (JAPANESE RESEARCH GROUP FOR 
EXPLOSION SEISMOLOGY, 1978). 

Figure 5 shows a preliminary upper mantle structure in the area around Taiwan by 
inverting a d7/d4 curve derived from the telemetered network data with earthquakes 
located in Japan and Ryukyu to the northeast and Luzon and Philippines to the south. 
The details of data and methods used can be found in Lu (1976). The upper part of the 
structure is fairly similar to that of KANAmorti (1967), but the “400 km” and “600 km” 
discontinuities are somewhat sharper. 


4. Seismicity 

There are several different sources of Taiwan seismicity data and depending on the 
nature of the data, they can be used in assessing the levels of activity for different regions, 
the activeness of a fault or mapping faults. 

In Fig. 6(a) and (b), we have shown the damage areas of large historical earthquakes 
and the epicenters of large (MM>6) earthquakes since 1900 (Lex ¢¢ al., 1978) respectively. 
For the historical earthquakes, we determined the approximate intensities and magnitudes 
based on a collection of descriptions of the earthquakes in various ancient documents 
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(Fanc, 1968): in Table 1, we have listed the earthquakes parameters, their associated 
phenomena and the cities affected. The concentration of epicenters in western Taiwan 
is obviously related to the distribution of Han population; the aborigines who lived in the 
high mountain ranges in eastern Taiwan did not keep written records. It is likely that 
some of the epicenters should actually be located in the Foothills. This is made evident 
in Fig. 6(b); here eastern Taiwan is seen to be more active. In Fig. 6(b), northern Taiwan 
is shown to be relatively inactive but a few earthquakes occurred in historical time; the 
large damage area and relatively light damage imply that the depths of these events are 
fairly large (perhaps 100-200 km). In Fig. 6 and in all subsequent seismicity figures, we 
have also plotted what we regard as active faults; these are either earthquake faults or 
geomorphically very prominent linear structures and geologically mapped faults. We 
shall refer to them in a later section, together with the possible significance of the historical 
seismicity. 

To elucidate the nature of plate activity in the vicinity of Taiwan, we use the 1962— 
1974 hypocenters as contained in the Earthquake Data File (available from NOAA, U.S. 
Department of Commerce in Boulder, Colorado, USA). 

In Fig. 7(a), we have plotted profiles parallel to Taiwan and the neighboring arcs 
and in Fig. 7(b) seismicity in profiles perpendicular to the island arcs are plotted. The 
regional definitions and the orientation of profiles for Fig. 7(b) are shown in Fig. 7(c). 
Toward the south end of the Philippines, the maximum depth of foci reaches 650 km; 
however, it becomes shallower going north, there are some gaps, but they may only be 
apparent ones resulting from a short time window for the data. The decrease in depth 
toward the north is however real and may be related to the change of rate of subduction 
of the Philippine Sea Plate (Wu, 1972). In the perpendicualr profile, because of the super- 
position of the Sulu and the Philippines arc that have their Benioff zones dipping different- 
ly, the thickness of the seismic zone is rather larger than usual. In Luzon, the maximum 
depth of foci is about 250 km and the profile perpendicular to the Manila Trench shows 
in general a deepening of foci from the Manila Trench area toward the east. This is 
consistent with normal fault mechanisms associated with earthquakes along the Manila 
Trench (Seno and Kurira, 1978). Therefore, going from the Philippines to Luzon we 
have a change of polarity of subduction; this point has been observed by Fircn (1972) and 
Katsumata and Sykes (1969) and others. There is a section of trench on the eastern side 
of Luzon, where thrust faulting has been found to occur. Fircn (1972) and others have 
hypothesized that a nascent west-dipping subduction has started there. 

Going further north toward Taiwan, the foci becomes shallower and underneath 
Taiwan, between the latitudes of 23°N and 24.2°N, along the whole length of the Coastal 
Range, there are only earthquakes shallower than 70 km; deepening of foci occur at both 
ends of this section. ‘This phenomenon can also be seen from Fig. 8, a plot of seismicity 
with the sizes of the symbols proportional to the depths rather than the magnitude, as is 
commonly done. It is also clear that shallow seismicity along the Manila Trench termi- 
nates at about 21°N, a large earthquake with normal fault mechanism occurred there in 
1972; between that point and Pingtung Plain (Fig. 1) there is evidently a gap. Recent 
local Taiwan network data show that small earthquakes do exist south of the Pingtung 
Plain (Y.B. Tsai, personal communication, 1978); but whether they do continue to the 
Manila Trench is not yet known. Northeast of Taiwan the foci deepen toward the north 
and merge into the earthquakes easily identified with the Ryukyu island-arc. The area 
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Fig. 8. Seismicity along the western margin of the Philippine Sea plate in map view. 


Pty) 


278 


a 


ier 


1975 


TO JUN. 


FROM APR. 


26 


F.T. Wu 


a 


MAGNITUDE 


SEISMICITY OF TAIWAN 


4 
a x 
ae 
. 
ma 
3 
x 
z 
| 
& 
o 
5 
fe 
oO 1 
- | 
= 
: 
x 
ea ® 
a 
) 
: 
: 
x 
Se | 
“ x 


299 


Recent Tectonics of Taiwan 


ee 


ee 


a. 


YIM soquads OM) Orv 9.19Y} FLY} NON *sUOT}VIS QZ JO YOMIoU [oo] v UO poseq (G/6T 


“puryst oy) JO ISvoyAOU Os[e pu ULMIV], UIOYIIOU UT puNo} oq uvo soyenbyvo jodoop yey} 
V9] ST IT OFT “opngqruseur 07 [euorsodo.d st sassosd oy} JO ozts oy pur ‘1r9doop oy} 198.1] oy? ‘yPdop oyp a10Uap IIT OUT, ‘yurod yoro 


1e 


re 


uvmrey, Jo deur Ayrorurstas Ap.10}eNC) 


“(p)-(®)6 “81a 


ee 


ee 


ne 


hep 


#eay 


hel 


SL6T 


cet 


Mogoece 
2 
= 


H1d30 


"930 O1 “190 kWuS 


ee) 


x 
x 


JON LINSYn 


NUMTHL JO ALIOTWSI3S 


le 


oat 


Ly 


se 


92 


ge 


2 
set 


het 


0 
or 
ve 
on 
08 

oot 

one 


H1d30 


OMOovece 


“1d3S OL AINr WORd 


221 


oa wu 
+ O76 30 
ore 19 
x 


0: 
Ht 
xX o 


cy) 


30NLINSYW 


NUMIVL JO ALTSINSISS 


at 


280 F.T. Wu 


northeast of Taiwan is noticeably more active than its nearby regions (Fig. 8), but basically 
it shows a north-dipping Benioff zone. _ It is sometimes asserted that, at present, the Benioff 
zone under Taiwan dips to the east or becomes vertical (Ler, 1962; Juan, 1975; Birp 
and Dewey, 1970); from our study, it is evident that there simply is no intermediate earth- 
quakes below the central seetion of Taiwan and that the deeper earthquakes to the north 
and to the south are associated with two Benioff zones with quite contrasting directions of 
dip. In this particular instance, if a cross section near Taiwan such as that in Fig. 7(b) 
is used, the conclusions can be misleading. 

Figure 9(a)—(d) present seismicity maps based on 12 months (of 1975) data from the 
22 stations telemetered network that is now in full operation in Taiwan. Several active 
faults shown as thick lines on land can be correlated with the location of the epicenters. 
The correlation will be discussed further in the section on active and inactive faults. 

One interesting feature that emerges from Fig. 9 is that small but deeper earthquakes 
are found to occur under northern Taiwan, under the young but dormant Andesitic vol- 
canoes. These hypocenters demonstrate that at present the Benioff zone may extend to 
that region. With the young age of the overlying volcanics, we may argue that the Benioff 
zone under it is established only recently. 

Microearthquake surveys in various parts of the Island (Tsar et al., 1974, 1975; Liaw 
et al., 1973, 1974; Lu, 1974) show that shallow small earthquakes are quite common. In 
most cases, the seismicity does not correlate well with known faults. In one area (near 
Tsengwen reservoir of southwest Taiwan, see Liaw et al., 1974 and Wu e¢ al., 1978) the 
density of foci decreases sharply below 8 km. It is conceivable that the high fluid pressure 
in the strata in Tsengwen area (S.L. Chang, personal communication, 1978) and also in 
other areas in the foothills (SupPpE and WirrxeE, 1977) is responsible for the microearth- 
quake seismicity. 


Table 2. Focal mechanism solutions. 


Origin Plane | Plane2 De 12 ik 
Bare ae Lat. Long. az pi Az, Pi (kan) Az,Pi_ Az, Pi TYPE No. 
130263 085004.5 24.33 122.14 169,61 349,29 67 169,16 349,74 T* 1 
180164  120435.3 23.09 120.58 105,48 27242 18 995 1998 T 2 
261164  102105.8 24.92 122.03 27,8 207,82 17 27,53 207,37 N 3 
260465  221542.0 21.0 ~—«120.68 98,76 278,14 29 27859 9831 N 4 
170565 171932.8 22.41 121.26 14,4 106,32 80 155,20 55,26 SS 5 
120366 163119.9 24.24 122.67 24,0 294,37 42 24250 346,25 SS 6 
230366  000433.4 23.86 ~—«122.97 22,12 290,10 40 70,1 336,16 SS 7 
050566 1421223 24.33 122.50 28,7 2988 53 72,1 343,11 SS 8 
010766  055038.0 24.86 122.56 32,30 160,48 102 189,10 8659 T 9 
251067 005923.2 24.43. ~—«122.25 76,31 282,46 73 267,15 47,21 T 10 
260268  105015.0 22.76 121.47 290,50 130,40 8 3026 185,69 1 
141170 075820.0 22.82 121.36 82,50 250,40 26 75,5 165,83 12 
040172 031650.7 ~—- 22.50 +—«:122.07 ~—«-290,30 53,42 ..6 © 85,5 346.57 13 
250172 020624.0 22.56 «122.37 71,0 161,029 116,0 26,0 14 


080172 052753.7 20.95 120.26 160,40 295,34)» 36 249,76 136,10 
170472 104944.4 24.10 Waa 320,10 140,80 48 10535205 


DAYAR AGA 
a 


240472 095721.2 23.60 12159 130,40 SRR)S 778) 247,2 340,68 17 
220972 195727.4 223i 121.16 6,5 265,70 8 203:4 0 SOOs4 5) 18 
091172 184113.0 23.87 121.61 18,50 160,44 22 175,10 87,22 9 
230375 073236.5 22.74 122.80 148,7 ZSeo 21 103,5 19355 20 
230575 160149.2 22.70 Pail 140,0 230,5 6 Oba 185,4 21 


*KatTsuMATA and Syxzs (1969). 
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of focal mechanisms of large earthquakes (M> 6) from 1963 to 1975, superposed 
in the vicinity of Taiwan. The numbers beside the mechanisms correspond to 


those in Table 2. 


Fig. 10. Summary 
on bathymetry 


5. Focal Mechanism Solutions 

Two sources of data are available for focal mechanism solutions in this work. They 
are (1) world-wide Standard Seismograph stations plus the local Taiwan network of fifteen 
stations equipped with relatively old instruments (such as Wiecherts and Omori’s), for 
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Fig. 11. New focal 


events with m,>5.8 in the period of 1963 to 1975, and (2) microearthquake data for 
small events in the period of January 1973 to December 1974. 

Some of the solutions in the vicinity of Taiwan, utilizing the WWNSS data have al- 
ready been published (KatTsumaTa and Sykes, 1969; Wu, 1970; Supo, 1972). In Table 
2 we have listed the previously published solutions as well as new data. It should be 
pointed out that 1972 is an important year in earthquake data for Taiwan, in that several 
mechanisms cleared up what had previously been only a conjecture. In Fig. 10, we have 
presented the data both in terms of interpreted slip vectors (in case of thrust faults), hori- 
zontal projections of pressure or tension axes (in case of 45° thrusts or normal faults) or 
displacement vectors (when the solution indicates strike-slip faulting). The new solutions 
themselves are presented in Fig. 11. 

Earthquakes 6, 7 and 8 represent a distinct group at the junction of Ryukyu and Tai- 
wan. Wu (1970) has inferred them to be right-lateral strike-slip fault(s) based on bathy- 
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AS N = 6.2 36 ae te Bs 


~chanism solutions. 


metry. Subsequently, results from a reconnaisance cruise in that area by R/V Hunt 
(WacEMAN e¢ al., 1970) found right-lateral displacement in the shallow sediments; it is 
possible that these observations are related. Recently, more ocean bottom reflection data 
have been accumulated and a north-south zone of disturbed sediments and troughs have 
been found in the epicentral area of those earthquakes and indicate that a north-south 
structure underneath (Lu e¢ al., 1977). Supo (1972) on the other hand, believes that 
these earthquakes are associated with the extension of the left-lateral Central Philippine 
Basin Fault (Hess, 1946), which is apparently an inactive feature at present and has been 
interpreted, based on magnetic profiles as ancient ridges (UyEDA and BreNn-AvRaAHAM, 
1972). Supo (1972) used G-wave radiation pattern from the March 12, 1966 event (No. 
6 in Table 2) to support his conclusion. By using more stations for a similar study, we 
have found a dominant lobe of G-wave radiation pattern in the N 20°E direction (Fig. 12) ; 
this maximum represents the direction of growth of the fault, which is mot probably parallel 
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Fig. 12. G-wave radiation pattern of March 12, 1966 Taiwan earthquake. 


to the strike. Although the epicenter is located toward the north side of the aftershock 
zone, normally implying that the rupture had propagated southward, the observed radia- 
tion pattern could have resulted from a complex rupture process with the final pattern 
consistent with that of a northeastward propagating fault—the long period P waves of this 
earthquake indicate that more than three events occurred in a series. 

Earthquakes 2, 10, 11, 12, 13 and 17 have thrust solutions. The fault planes for these 
solutions strike approximately north-south (event 17 shows NW-SE planes) and the dips 
of these planes range from 35° to 45°. Solutions 2 and 17 are for events on land. Solu- 
tion 2 is without doubt associated with the east-dipping Chukou Fault (Fig. 1) although no 
fault break was observed in the field. Solution 17 belongs to an event immediately east 
of the Coastal Range and a thrust-type fault break was observed after the earthquake (Lu 
et al., 1976) in the Coastal Range. 

Solutions 11 and 12 are in the vicinity of each other and are consistent; but events 10 
and 13 occurred in the vicinity of other earthquakes that show an entirely different solution. 
Thus event 13 is next to event 14 that shows a pure strike slip mechanism; event 10 is 
located among events 8, | and 16, and these represent strike-slip fault (No. 8), and shallow 
thrusts (Nos. | and 16). At first this phenomenon may appear out-of-order, but this may 
reflect only that this region is populated by numerous faults or weaknesses oriented in 
various directions and under the current stress system the motions along these faults are 
controlled by the stress field and the orientation and/or the characteristics of the fault plane. 
For example, considering events 13 and 14, representing a thrust fault and a strike-slip 
fault, respectively, it is reasonable that it is not mechanically advantageous to have thrust 
motion taking place along the fault plane of a nearly vertical strike-slip fault, so that short- 
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ening has to take place elsewhere, while the reason that no strike-slip motion took place 
along the fault plane for the 45° thrust is that the thrust plane may be highly irregular 
along the strike as to inhibit horizontal strike-slip motion along it. In the next section, 
we shall try to find the directions of tectonic stress that is consistent with these fault plane 
solutions. 

Events 14, 20 and 21 are all very well-defined strike-slip solutions. The two events 
in 1975 (20 and 21) have a large number of aftershocks recorded by the local network 
(Fig. 9(a) and (b)). The long axis of the aftershock zone coincide with the strikes of the 
NW-SE plane and are therefore deduced to be left-lateral strike-slip faults. 

Event 3 is outside of the Ilan-Lotung Plain and has a normal fault solution. In- 
terestingly enough, this solution agrees well with the composite solution of a microearth- 
quake swarm in this area (C.C. Feng, personal communication, 1975). This solution 
indicates the dominance of N-S tension in this area and may be important in explaining 
the subsidence of the EW aligned Ilan-Lotung Plain. More will be said on the subject in 
later discussion. 

Events 1, 16 and 19 have shallow thrust or high angle thrust solutions and they are 
consistent with other island arc situations, where subduction is inferred. Event 9 in an 
intermediate depth earthquake representing down-dip tension. 

Events 4 and 15 are very important events. We have seen that Manila Trench as a 
submarine topographical feature terminates at about 21°N; event 15 is located very close 
to that point and the normal fault mechanism is consistent with that found by STauDER 
(1968) below the Aleutian Trench. Event 4, on the other hand, is located on the ridge 
south of Taiwan; it may have the same origin as event 15. Event 15 strengthens the ar- 
gument that the Manila Trench is still active and the eastward subduction under Luzon 
is still taking place. 

Many microearthquake surveys have been conducted in areas where seismicity data 
are required for planning or designing purposes. An extensive survey in the Longitudinal 
Valley, however, was conducted purely for geological reasons (Lu, 1976). These data have 
become an important supplement of seismicity in land areas where large earthquakes are 
infrequent. Due to the small number of stations used for each earthquake, it is not possible 
to obtain a solution for each event. Assuming that the focal mechanisms for a group of 
small events narrowly limited in space and time remain the same, then we can combine 
data from many earthquakes to obtain a composite solution. Such solutions are not as 
dependable as those from one large earthquake in the region both due to the spatial in- 
coherence and the difficulty in ascertaining the takeoff angle when the crustal structure is 
not known in detail. 

Figure 13 presents a summary of the available composite microearthquake focal me- 
chanism solutions. The actual solutions are included in a series of papers and reports by 
Tsar et al. (1974, 1975), Liaw e¢ al. (1973, 1974), and Lu (1976). The quality of the so- 
lutions varies from good to very poor, depending on the location and number of stations, 
the number of earthquakes, accuracy of hypocenter determination, etc. 

Solution E (Fig. 13) agrees well with solution 2 of Table 2 and Fig. 11 in being a 
thrust; Solution C agrees with the NE trending right-lateral surface faulting in that region 
during the 1935 Hsinchu earthquake (ALLEN, 1962). Solution H implies a fault almost 
perpendicular to the main fault (Lanyang Fault) in that region; Solution A together with 
aftershock data led Lu (1976) to conclude that the NNW plane is the fault plane and left- 
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COMPOSITE FOCAL MECHANISMS 
FOR MICROEARTHQUAKES 


@ up first motion 
@ down first motion 


Fig. 13. Summary of composite microearthquake focal mechanism solutions. Note the charac- 
teristics of solutions. Note the characteristics of solutions in northeastern Taiwan as compared to 
that for solution in the rest of the island. 


lateral motion took place. The juxtaposition of thrust and normal solutions in the Tatun 
volcanoes region (Solutions F and G) is not easily explained. The events in or around the 
Longitudinal Valley (Lu, 1976) produce both thrust and partially strike-slip solutions; 
those with significant strike-slip components are consistent with an NNE striking left-lateral 
fault. 


6. Tectonic Stress in the Vicinity of Taiwan 


As McKenzie (1969) pointed out, individual focal mechanism solutions only put very 
mild constraints on the direction, not to mention the magnitude, of the earthquake-gener- 
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Fig. 14. Successive superposition of regions of admissible P axes to obtain a 
small region for P axes that satisfies all solutions. There are nine pairs of 
circles; the one on the left is the focal mechanism solution with region of 
admissible P as shaded areas; the one on the right represents the super- 
position of the shaded regions of the present and previous solutions. 


ating stresses. Depending on the strength of the fault, the exact location of the true P 
axis, for example, can be somewhere in the quadrant with downward first motion. In 
particular, if the strength of the fault is 0, then P can be located anywhere in that quadrant. 
When we have a number of focal mechanism solutions for a region that is tectonically 
homogeneous, i.e., no major change in crustal structure, and no major plate boundary 
crossing the area, and these solutions are sufficiently different, then we may find a region of 
P common to all solutions. 

Figure 14 presents the result of such a superposition using nine solutions located to the 
southeast of Taiwan. ‘The dark areas represent the area of P; the numbered circle rep- 
resents the original solution and the circle to the lower right represents the result of suc- 
cessive superposition. We see that as more and more solutions are superposed, the com- 
mon P region shrinks. ‘The final result indicates that the tectonic stress to the southeast 
of Taiwan has a direction of $46°E to $76°E with a plunge between —2° and 15°. 

Elsewhere, Wu (1978) has explored the further possibility imposing a reasonable 
failure criteria on faulting and thereby estimating the order of magnitude of tectonic stress. 
Using the same focal mechanism solutions and a combination of dehydration-related data 
(Murret and Ismaiz, 1976), we have arrived at a tectonic stress of about 2 kbar. 
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Table 3. Active faults in Taiwan. 


No.* Name Remarks** 
1 Taipei II, IV, VI, VII, I (1694?) 
2 Chuchin LAYS WAL 
3 Median ; HG AWS WAI 
4 Chuchin Le WA! 
oS Chihhu-Tuntzuchio 1 (1935); 11 
6 Chelungpu (TOL), LOL T Vee 
7 Shuilikeng UUs WAL 
8 Shuilikeng Ill, VI 
9 Yichu I (Inferred by the many earthquakes in the vicinity), 
VII, VIII 
9a  Meitzakeng I (1792 (?), 1906), II, IV, VII, VIII 
10 Chuko I (1964, may be others) 
11 Chutouchi DV; VI, VIL, V Unt 
12 Hsinhua I (1946), III, VII 
13 Chukon IV, VI 
14 Chutouchi IV, VI, VII, VIII 
15 Chaochou II, VI, VII 
16 Longitudinal Valley P(195 LLU, LVsVeay 1 
17 Longitudinal Valley T1951), TESS LV sav I 


* Refers to numbers in Fig. 15. 
** Roman numerals refer to the following criteria used in judging the fault as being 
active: I, historical earthquake (date) occurred in the vicinity; II, mapped by 
microearthquake survey; III, quartery movements inferred; IV, geologically 
mapped; V, geodetic movement measured across the fault; VI, prominent on 
LANDSAT image; VII, mapped by reflection seismic method; VIII, encoun- 
tered in borehole. 


7. Active Faults and Recent Uplifts 


In Fig. 15, we have shown what we judge to be active faults, and the basis of judgement is 
listed in Table 3. 

One of the most discussed features of Taiwan is the Eastern Longitudinal Valley (Hsu, 
1962; ALLEN, 1962; Big, 1965, 1971; Yorx, 1976). It is no doubt one of the most im- 
portant structural elements of Taiwan. It separates the Paleozoic-Mesozoic metamorphic 
rocks from the Post-Miocene island-arc-associated sedimentary and volcanic rocks. How- 
ever, due to the rapid erosion rate and the thick alluvium cover in the Longitudinal Valley, 
exposures of actual fault contact is rare (Hsu, 1962; York, 1976). Consequently, the 
exact nature of the boundary is still being discussed. 

Fault breaks associated with two earthquakes in 1951 proved that at least the part of 
the eastern side of the northern part of the Valley is fault-bounded and there are both strike- 
slip and dip-slip components along a high angled east-dipping plane (Hsu, 1962). Hsu 
(1962) reported on a segment of fault scarp on the eastern side of the Longitudinal Valley 
that has only thrust motion on it. YorK (1976) observed a thrust contact further south, 
and he postulated that one segment of a fault contact on the western side of the southern 
Longitudinal Valley is actually the continuation of the fault that broke during the 1951 
earthquakes. Unfortunately, in 1951 the quality of the seismic stations around the world 
or in Taiwan was not yet good enough for dependable focal mechanism and since the 
establishment of WWNSS only one large earthquake occurred in the vicinity of the Lon- 
gitudinal Valley (mechanism No. 17), and the solution shows a pure thrust. 
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120 Tel 122 


Fig. 15. Active faults of Taiwan. The criteria for judging them to be 
active are listed in Table 3. 


Biq discussed the tectonics of the Longitudinal Valley in some detail. He accepted 
Hsv’s (1962) description of the eastern side of the Longitudinal Valley; however, facing the 
difficulty of explaining the uplifting of two rock groups of very different ages, and the con- 
dition that at some time during Late-Pliocene the Pre-Tertiary rocks on the Central Range 
side and the Post-Miocene rocks on the Coastal Range side were coeval, he proposed a 
Central Range Fault on the western side of the Longitudinal Valley, a west-dipping thrust 
that would allow the Central Range to rise to the present height. YEN (1965) reported the 
observation of a fenster on the western side of the Longitudinal Valley, that revealed the 
sole of such a thrust; the condition of the outcrop however, does not allow exact deter- 
mination of the nature of the contact. Recent seismicity data (Fig. 16) west of the Longi- 
tudinal Valley do not indicate the existence of such a fault; the data seem to show an east 
dipping boundary marking the more active eastern side from the less active west, but 
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Fig. 16. Local network seismicity data between 22.8°N and 24°N plotted in a profile 
perpendicular to the Longitudinal Valley. Note the absence of events deeper than 
about 60 km. 


whether this boundary is a fault or not has to be clarified in the future. Thus, although 
Biq’s reconstruction is logical, it has not received direct confirmation from actual obser- 
vation. 

The structural trend of the Coastal Range is also that for the rest of the Island; most 
of the through-going faults run north-northeast, except north of latitude 24°30’N, where 
the faults as well as the strikes of the folds start to turn eastward. In general, those faults 
that separate the major stratigraphic units are most probably deep thrusts with a left- 
lateral component and the myriads of low angle thrusts within the Miocene and Pliocene 
strata in the Foothills are gravity sliding planes (Big, 1966). 

Judging from the historical seismicity, the M>6 earthquakes from 1900 to 1976 
(Fig. 6(b)) and the recent telemetered network data, the Median Fault (Fig. 15), is still 
active. Judged from the stratigraphic offset and the NWW-ESE orientation of the com- 
pression axis southeast of Taiwan, this fault should have a thrust component; however, 
one composite solution from a group of small earthquakes along the fault near the latitude 
of 24°N yield a normal fault mechanism with E-W tension axis (Lu, 1976). It is interest- 
ing that near the coastal area, along the northeastern extension of this fault which was 
recently mapped by a microearthquake survey (Tsar et al., 1975) the composite solution 
obtained is similar to that of an earlier large earthquake in the same region (No. 3 in Fig. 
10): they both indicate normal faulting (C.C. Feng of CERC, personal communication, 
1975). Although in this case the tension axis turns to N-S. This conclusion perhaps is 
not surprising in that this region is along the extension of the Okinawa Trough, a tensional 
feature, and that the Han-Lotung Plain is one of two areas in Taiwan that are undergoing 
relatively slow uplifting compared to the rest of the Island. A hinge action may take place 
somewhere south of 24°N. 

The Median Fault is apparently offset by a (geologically inferred) east-west fault in 
the Central Range which was inferred from stratigraphic data and has not been directly 
observed (Ho, 1975). The southern section of the Median Fault is named Chao Chou 
Fault (Cutanc, 1971). It is also a thrust fault and is shown to be active by telemetered 
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network data (Fig. 9), but no large historical earthquake is known to be associated with 
it. 

On the western side of Taiwan, there are several faults that were associated with earth- 
quakes. These are of two types: (1) NEE-SWW trending the right-lateral faults and 
(2) NNE-SSW trending thrust faults (Fig. 4). The 1935 earthquake, for example, was 
reported to have created both types; although whether these two faults (Fig. 4) were 
created during one continuous process or were two separate events cannot be assured. 
A combined fault length of about 50 km (Nakamura, 1936) can quite conceivably be 
produced by an M=7.1 earthquake. The 1941 Taiwan earthquake fault and the 1964 
Tainan-Chiayi earthquake fault (also called the Chukou Fault) form another such pair; 
the 1964 earthquake however, did not show surface faulting, and the nature of the asso- 
ciated faulting is deduced from the focal mechanism solution (No. 2 in Fig. 9). The 1906 
Chiayi earthquake was associated with an NEE-SWW right-lateral strike-slip fault (OmorI, 
1907). An earthquake in 1792 (Table 1) near Chiayi probably occurred along the same 
fault, one person was reported to have fallen into a crack near Meitzukang (Fanc, 1968). 
For an earthquake in 1917 in central Taiwan, no report on surface faulting had been found, 
but a leveling line across one of the major faults in the area showed a 15 cm maximum 
increase in elevation over the fault (IMAMuRA, 1935). 

A number of M>6 historical earthquakes cannot easily be correlated with exposed 
faults, but the estimated epicenters seem to line up in the vicinity of the Yichu marginal 
fault surrounding the Peikang basement high (MENG, 1967 and Fig. 15). The nature of 
faulting associated with earthquakes in this region has to be resolved in the future. 

The gravity sliding faults are generally thought to be inactive, because they are not 
connected to deep-seated fractures. However, insofar as they are weak-zones, if they 
happen to overlie active unexposed faults or as the region is being strained they could be 
reactivated; the total displacement may not amount to much in this case. 

That Taiwan and its vicinity is tectonically very active can also be judged from the 
rate of uplifted coastal terraces. Li et al. (1978) have recently dated by the C14 method 
a number of new coral samples from the eastern side of the Coastal Range and around the 
Hengchun Peninsula; by adding these new terrace age data to data published by Lin 
(1969) and Tarra (1975), the uplifting rates of the Coastal Range, the Hengchun Peninsula 
and northern tip of the island have been determined. Figure 17(a) shows the unreduced 
data set and the sea level data as determined by Morner (1976). 

Figure 17(b), (c) and (d) show the rate of uplift of eastern, southern (including south- 
western) and northern Taiwan respectively. While eastern and southern ‘Taiwan have a 
rate of about 5 mm/year, northern Taiwan underwent an episodic history for the last 
8,000 years. We shall discuss the significance of these rates in the next section. 


8. Plate Boundaries Near Taiwan 

Taiwan represents an unique situation in the Circum-Pacific tectonics. For most of 
the cases where oceanic plate is subducting at the continental margin, the island arcs creat- 
ed on the non-subducting side are relatively low in topography and the highs are the 
isolated volcanic peaks. Taiwan, however, is composed mainly of miogeosynclinal sedi- 
ments and they have been subjected to extraordinary compression to become high moun- 


tains. 
Currently the region is seismically very active and it is difficult to define a single 
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Fig. 17. (a) Cl4 dates and altitudes of the raised coral reef samples. Bottom half presents the sea level 
change curves (Prnc ¢¢ al., 1977). (b) Minimum uplift (= altitude of coral reef + eustatic sea 
level relative the present sea level) vs. the age of samples from Hengchung Peninsula and Taiwan 


area. The dotted line represents a proposed step-wise rise of the Hengchung Peninsula. (c) Mini- 


mum uplift vs. age for eastern coast of Taiwan. (d) Minimum uplift vs. age for northern coastal 
area and the Ryukyu Islands. 
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continuous plate boundary based on seismicity alone. On the contrary, shallow earth- 
quakes reveal a complex deformation pattern in a belt about 300 km wide ; unlike a typical 
island-arc environment, where earthquake focal mechanisms have dominantly linear 
distribution patterns, where Benioff zone can be clearly defined and where bathymetric 
features correlate well with this distribution, in the vicinity of Taiwan, there is no clear 
display of either focal mechanism patterns nor trenches, ridges or interarc basins. 

By combining all the available data however, we can define a boundary composed of 
several segments that are quite different in characteristics. Not all segments are typical 
boundaries of plates as commonly described. 

It is clear that Ryukyu arc terminates about 100-120 km east of Taiwan. Not only 
the Ryukyu Trench stops there, but the presence of large strike-slip faults and the sudden 
increase in seismicity toward Taiwan all indicate the presence of a major boundary there. 
To the west of this boundary, a subduction zone similar to the Ryukyus exists; but judging 
by the offset in the E-W bathymetric ridge in the vicinity of 24°N, 122.8°E (Fig. 10), and 
the offset in the accretion lens as marked by the —100m gal free-air anomaly (BowIN 
et al., 1978), this subduction is displaced to the north, relative to the Ryukyus. Further 
to the west, this subduction boundary connects to the thrust-left-lateral Longitudinal 
Valley fault zone. This fault zone is not a simple transform fault, but a collision boundary 
with a transform component. It is very difficult to define a plate boundary between 21 °N 
and 22.8°N; here we have a hint of a subduction zone with deeper earthquakes under the 
offshore volcanic islands to the southeast of Taiwan, but there is an apparent lack of M>4 
shallow earthquakes along the extension of the Manila Trench; perhaps subduction is 
now halted and collision is taking place involving a broad zone of deformation. 

In Fig. 18, we have sketched the nature of the plate boundary in the Ryukyu-Taiwan- 
Luzon areas as it is understood. 

The kinematics of the right-lateral fault that terminates Ryukyu is not entirely clear. 
Karic (1973) considers its formation to be a consequence of the opening of the Okinawa 
Trough. The difficulty with this explanation is that the Okinawa Trough evidently 
extends all the way to the Ilan Plain as shown by the focal mechanism and other data, and 
thus, if back arc basins do imply active spreading, there is no significant differential spread- 
ing between the Okinawa Trough behind the Ryukyus and its westward extension. Also, 
since the faults, as indicated by the focal depth of earthquakes are at depths of 50 km or so 
(Table 2), it is probable that only the subducting plates are involved; according to Karig’s 
hypothesis, the upper plates are the ones in differential motion. 

There is a possible alternative explanation. Because of the complex geometry and 
the changes in the nature of the plate boundaries near Taiwan, the tectonics here cannot 
be accounted for fully by purely rigid plate motions. Consider the generally north- 
weatward motion of the Philippine Sea Plate here (Wu, 1972; Fircu, 1972, SENo, 1977), 
the northward component of this motion can proceed quite expectedly through sub- 
duction, the westward component is practically halted by the collision. This collision 
results in intense intraplate deformation near Taiwan; on the island the mountain build- 
ing is vigorously taking place and in the ocean the plate is undergoing E-W compression 
and left-lateral strike-slip fault along NW planes before subduction. Both the compression 
and the strike-slip faulting would cause a congestion; as there is no prominent topography 
in the ocean immediately east of Taiwan, the rate of subduction northeast of ‘Taiwan, 
west of longitude 122.7°E must be higher than that east of 122.7°E; thus, there is a dif- 
ferential motion along 122.7°E and the sense should be right-lateral. 
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Fig. 18. Schematic plate boundaries and subduction zones in 
the vicinity of Taiwan. 


The subduction zone and the strike-slip faults between Taiwan and the Ryukyus 
evidently are developed only recently, perhaps within 2 mybp; the absence of volcanic 
islands and wellformed interarc basins over this zone may be the result of this young age. 
As the subducted lithosphere is a part of the Philippine Sea Plate, the westerly component 
of the motion vector of the plate, the deeper part of this zone moves west. ‘This motion is 
somewhat restricted, because the top of the zone is practically stopped by the collision. 
This western extension reaches under the northern extremity of Taiwan, and is obviously 
responsible for the andesitic volcanism there. 

The collision-transform boundary is perhaps not as sharp as it is sometimes thought 
to be. Even though the Longitudinal Valley Fault is considered to be the main plate 
boundary, with the continuous distribution of foci east of the Coastal Range, this boundary 
can best be viewed as a boundary zone of tens of kilometers wide. The recently published 
triangulation data across the northern part of the Longitudinal Valley (CHEN, 1974) 
indicates a left-lateral displacement rate of more than 6 cm/year, a value close to the rate 
of motion of the Philippine Sea Plate towards the north in this area; but it could also 
be reflecting, to a large part, displacement associated with the 1951 earthquake. 

The right angle junction of the collision-transform and the subduction boundaries 
near Hualien has some interesting implications. For example, on the bathymetric map 
(Fig. 10), there is a rather prominent depression near 24°N and 122°E, and on the free- 
air gravity map of Bowrn et al. (1978) there is a corresponding low. It is tempting to 
conclude that these features are related to a nascent subduction zone. But the right angle 
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(a) 


Fig. 19. Mechanism for the bending of 
(b) northern Taiwan in Pleistocene. 


junction of boundaries described above implies that in the vicinity of the bathymetric and 
free-air gravity low, the subducting plate is reaching deeper level, and while this plate is 
moving west and compressing Taiwan, the upper plate is not being pushed and may be 
decoupled from the subducting plate; thus a north-south tension feature develops. This 
trough is quite persistent; the high rate of sedimentation from a recently raised Taiwan 
has not been able to bury it. 

This junction can also explain the bending of northern Taiwan toward the east as 
schematically shown in Fig. 19. As can be expected from the uplifting and mountain 
building in Taiwan, collision must have been taking place along the whole island in the 
early orogenic history. The commencement of the northward subduction sometime 
during perhaps Pleistocene causes the northern part of Taiwan to lose compression from 
then on, while the shortening of the rest of Taiwan is taking place; bending results from 
this differential compression. ‘The modern revelation of this lack of compression in north- 
ern Taiwan is the episodic uplift of the northern coast against the steady uplift of the rest 
of the island in the last 8,000 years. It is also recorded in the change in fold axes orien- 
tation in the metamorphic complex near Suao (Tan, 1978). 

With the normal fault type of earthquakes located in or near the Manila Trench south 
of 21°N and the apparently east dipping Benioff zone under the Bashi Strait and Luzon a 
more typical subduction plate boundary can be defined. Although complications do 
exist on the eastern side of Luzon, where a new subduction boundary may be forming. 


9. Discussion 

Taiwan is a remarkably young and active island. ‘The present rate of uplift of Taiwan 
is one of the highest in the world and the seismicity is also high. Although the tectonics 
is not simple, the extrapolation back in time can perhaps be accomplished because of the 
relatively short geological history it involves. 
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The present orogeny of Taiwan began in Late Pliocene. That was the time when the 
sediments in the western Taiwan basin switched from a northwestern source to an eastern 
one (Cuou, 1973). Collision of the island arc with the continental shelf occurred prob- 
ably at that time or may be earlier. The extensive Late Miocene to Early Pliocene sedi- 
ments accumulated in the trench were raised, deformed and eroded and some were 
redeposited in the southern part of the trench as it was probably still deep. At the same 
time, the Central Mountains were gradually formed; as the slope increased, some of the 
sediments were redeposited in the western Taiwan basin, and some of the Miocene and 
earlier sediments, some not yet fully consolidated, slid off or were pushed off the slope to 
form part of the western foothills. 

Sometime in the Pleistocene, the northward subduction near Taiwan started. The 
commencement time of this event can be estimated as follows: assume a maximum depth 
of the subduction zone to be 130 km (Fig. 7(a) and Tsar et al., 1977), a lithosphere of about 
50 km (Tsar e¢ al., 1977) and an average subduction rate of about 5 cm/year (SENo, 1977), 
then the time it takes to develop the part of the subduction zone under the lithosphere is 
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Fig. 20. Schematic time history from Miocene to present for Taiwan and its vicinity. Dotted 
outlines are used for location only. 
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about 1.6 my. This corresponds also to the commencement time of the bending of Taiwan. 

It is more difficult to reconstruct the sequence of events prior to the collision. Cer- 
tainly northern Taiwan, north of the Peikang Basement High had been a depositional 
basin on the continental shelf continuously since early Tertiary. The southern Taiwan 
basin however, did not receive much sediments until after the Late Miocene, and it was a 
basin beyond the edge of the shelf. It is quite possible that the Late Miocene “marine 
transgression” of the northern as well as the southern basins was a result of the advance of 
the island arc toward the continental shelf, whereby the shelf and the surrounding area was 
depressed. 


Although the idea of an arc, more or less parallel to the long axis of Taiwan, moving 
toward Taiwan during Miocene and Early Pliocene and eventually colliding with Taiwan 
is widely accepted (Cuar, 1972; Karic, 1973; Bown et al., 1978), there is still a con- 
troversy as to the polarity of the arc. JAHN (1972) and recently Chen (J.C. Chen, personal 
communication, 1978) favored the subduction toward the west under the continental shelf 
while Cuar (1972), Karic (1973) and others favored the subduction toward the east under 
the Philippine Sea. For sure, the subduction could not be toward the west just before the 
collision, otherwise we would expect to find traces of volcanic expressions associated with 
the subduction in the Central Mountains. Also it is much easier to explain the kinematics 
of a westward drifting arc with an east-dipping subduction zone; with the clockwise ro- 
tation of the Philippine Sea Plate (with respect to the Asian continent) an east dipping 
subduction zone will be pushed toward the west. An east dipping zone is consistent also 
with the plate boundary south of Taiwan. 
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TECTONICS OF THE RYUKYU ISLAND ARC 
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Geological Laboratory, University of the Ryukyus, Naha, Japan 
(Received June 14, 1978; Revised August 26, 1978) 


The geological and structural contrast between the north and central Ryukyus and 
the south Ryukyus has been significant since the Late Mesozoic. The difference seems to 
correspond to that of the nature of the Philippine Sea floor facing the Ryukyus, i.e. the Daito 
Ridges and Amami plateau to the north and deeper basin to the south. The north and 
central Ryukyus were a separate tectonic unit from the south Ryukyus from the Late Meso- 
zoic to Middle Tertiary. Subsequently they have united to form an island arc as the 
island groups shifted southeastwards with different rates in the Late Tertiary to Quater- 
nary. 


1. Introduction 


The Ryukyu islands are a typical island arc, 1,200 km long, lying between Kyushu 
and Taiwan at the northwestern Pacific margin. They are composed of the Ryukyu 
Trench on the Pacific side, a row of islands, a volcanic belt and the Okinawa Trough on 
the continental margin. ‘The islands are divided morphologically as well as geologically 
into three groups: the north Ryukyu Osumi islands, the central Ryukyu Amami and Oki- 
nawa islands, and the south Ryukyu Miyako and Yaeyama islands. They are separated 
by the Tokara Channel and the Miyako Depression, which represent strike-slip fault zones. 

The structural framework of the islands was studied by Kontsu1(1965). His structural 
zonation paralleled the zonation of the pre-Miocene basement complex of Southwest 
Honshu: the Ryukyu islands were interpreted as the southwestern continuation of Outer 
Zone of Southwest Japan modified into an echelon configuration by the left-lateral trans- 
current dislocations of the Tokara Channel and the Miyako Depression. NakacAwa 
(1974) correlated the island arc system of the Ryukyu islands with that of Northeast Japan. 
In this paper, the author attempts to discuss the island arc system from a different point 
of view. Recent investigations verified that the geological and structural discontinuity 
of the north-central Ryukyus and south Ryukyu is significant. The geological and struc- 
tural histories of both island groups are quite different throughout the period of Mesozoic 
to Miocene. ‘Thereafter, the island groups united into a single island arc. 


2. Basement of the Islands 

The basement rocks of central Ryukyu are composed of Late Paleozoic eugeosyn- 
clinal sediments, including slate, chert, limestone and diabasic green rocks, whereas the 
Yaeyama metamorphic rocks-phyllite, black schists and green schists including the glau- 
cophane schist facies rocks—are seen only in south Ryukyu. 

The Late Paleozoic eugeosynclinal sediments are correlated to the Upper Paleozoic 
groups of Kyushu and Shikoku to the north and also to those of Taiwan to the south. The 
structural trend of the basement group is not necessarily parallel to the general trend of the 
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Fig. 1. Structural trend of the Paleozoic group in the Ryukyu Islands. 


island arc but is more or less diverse (Fig. 1). The variation of the fold axes of the Paleo- 
zoic group seems to have resulted from the later dislocations than the deformations of the 
Mesozoic orogeny. 

The Yaeyama metamorphic rocks are constructed mainly of two fold systems with 
different orientations. The principal fold, which trends in NW-SE direction, has a wave- 
length of several kilometers and is clearly oblique to the trend of the island arc. The 
preferred orientation of minerals is parallel to the fold axis. A minor fold with EW axes 
is superimposed on the principal fold. Shear zones and faults are well developed parallel 
to the minor fold. Blocks of the metamorphic rocks crop out locally through the Lower 
Miocene sandstone formation along the EW faults. It seems therefore that the EW fault- 
ing was activated parallel to the island arc in the Middle to Late Miocene. 

Paleomagnetic study of the Eocene volcanic rocks reveals a clockwise rotation of 40° 
of the Yaeyama islands (south Ryukyu) resulting in the present NW-SE trend of the meta- 
morphic rocks (Sasajima, 1977). The original trend, therefore, should be in east-west 
direction parallel to the present direction of the island arc. 

Radiometric ages of the Yaeyama metamorphic rocks are 174 my (K-Ar method), 
195 my (Rb-Sr method) (Suara et al., 1968, 1972). The Sambagawa metamorphic 
rocks representing facies similar to the Yaeyama metamorphics, have ages of 82-102 my, 
which are much younger than the Yaeyama rocks. But the Sangun metamorphic rocks 
indicate similar ages of 159-175 my. Both Sambagawa and Sangun rocks are from 
Honshu, Shikoku and Kyushu. The green schist of the Tananao belt of Taiwan is re- 
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ported to have much younger ages of 82-14 my (YEN, 1975). The Yaeyama metamorphic 
rocks then seem to be correlated to the Sangun rocks so far as the radiometric ages are 
concerned. The original sedimentary rocks are considered to be of the Late Paleozoic 
age but no fossils have yet been found from the metamorphic rocks. 


3. The Shimanto Belt 


The terrane of the Shimanto supergroup of Late Mesozoic to Early Tertiary age con- 
tinues southwards to the north-central Ryukyus from Kyushu, Shikoku and Honshu where 
the supergroup signifies the geosynclinal sediments in the outer belt of Southwest Japan 
on the Pacific side. The upper horizon of the supergroup in central Ryukyu is composed 
of thick and coarse sandstones containing Eocene nummulites. The distribution of the 
supergroup is limited to the north-central Ryukyus, whereas calcareous littoral sediments 
intercalated with andesite and pyroclastic rocks of Eocene age are seen in south Ryukyu 
(Surrao ef al., 1976). The Shimanto supergroup of the north-central Ryukyus is severely 
deformed to form isoclinal folds and SE-verging thrust faults. It is also slightly metamor- 
phosed to black and green phyllites and partly to green schists. 

The Eocene formation of south Ryukyu shows different sedimentation facies from 
that of the northern islands and no deformation and metamorphism except mere tilting and 
later faulting. The area of south Ryukyu has therefore been a part of stable land mass 
since the Eocene sedimentation. Konisui (1965) stated that the Eocene basin of south 
Ryukyu formed an inner stable zone against the Shimanto belt, which formed the outer 
mobile zone of the islands arc. Accordingly, the islands of south Ryukyu have had to 
shift more rapidly southwards so as to form the present Ryukyu island arc. 


4.  Mhuocene and Eocene Volcanism 


The inner zone of the north-central Ryukyus represents a line of recent volcanic 
islands, some of which are still active forming a present volcanic front. ‘The basement of 
the volcanoes is constructed usually of volcanic and pyroclastic rocks of Miocene to Plio- 
cene age which are altered to show greenish color by hydrothermal solution. ‘Thus, they 
are collectively called ““Green Tuff Volcanics” of Neogene age similar to those in the main 
Japanese islands. Marine geological investigations demonstrated that the volcanic and 
pyroclastic rocks are distributed in a 100 km wide zone in the inner zone and the Okinawa 
Trough of the north-central Ryukyus, but not of south Ryukyu (Honza, 1977). 

Pyroclastic rocks and andesite flows are found conformably within the Eocene littoral 
sediments in south Ryukyu (Surrao et al., 1976). Their occurrence seems to be similar 
to that of the “‘“Green tuff” rocks, but the age is quite different. Moreover, the pyroxene 
andesites of south Ryukyu show a lower alkali-lime index (58.3) than those from the Mio- 
cene andesites (61.8) of the north-central Ryukyus (Matsumoto, 1964). The Eocene 
volcanism cannot be traced to Taiwan but might be correlated with that of the Philippines. 
Here again, the contrast of volcanism in age and character is remarkable between the 


north-central Ryukyus and south Ryukyu (Fig. 2). 


5. Distribution of the Yaeyama Group 
The Yaeyama group, distributed in the Yaeyama islands of south Ryukyu, the 
northern part of Taiwan and the Senkaku islands, is composed mainly of sandstone with 
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Fig. 2. ‘Green Tuff Volcanism” in Miocene and Eocene. 


intercalations of mudstone and is characterized by coal beds, cross laminae and trace fossils 
signifying littoral sediments. 

Palynological investigation reveals the age of the sediments to be the Lower Miocene 
(Takanasui and Matsumoto, 1964). The group is correlated with the Lower Miocene 
series of Taiwan and northern Kyushu by the heavy mineral assemblage also (OBARA 
and Matsumoto, 1964). The mineral composition is of zircon, tourmaline, garnet, and 
often associated with rutile, staurolite and monazite. ‘These minerals are probably sup- 
plied from granite and gneiss, which are never found in the neighbouring islands nor Tai- 
wan, but are abundant in the southeast coastal area of China. Therefore, the geological 
development of south Ryukyu should be interpreted in connection with the geology of the 
southeast China. 

The Yaeyama group is slightly tilted structurally and faulted. This again shows 
that the Yaeyama islands and their environs have been in stable conditions since Early 
Miocene. 


6. The Shimajiri Basin 


It is not until the Latest Miocene during the deposition of the Shimajiri group, that the 
north-central Ryukyus and south Ryukyu formed a common basin throughout the Ryukyu 
islands. 


The sediments of the group, which are composed mainly of siltstone interbedded sand- 
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Table 1. Marine geological and structural contrast of the north-central 
Ryukyus to south Ryukyu around the Ryukyu islands after Honza 


(1977): 
North-central Ryukyus South Ryukyu 
Okinawa Trough _Tokara volcanic belt None 
Neogene volcanism None 
1,000 m at the deepest area 2,200 m at the deepest area 
Amami Trough at the eastern None 
margin 
Minor fault group at the None 
western edge 
Thick turbidite Thin and less 
Fore-arc slope Neogene Shimajiri group Quaternary and Neogene 
Shimajiri group 
Small frontal slope swell Big swell zone at the 
frontal slope edge 
Ryukyu Trench Rough morphology of inner Smooth inner trench 
trench slope slope 
V valley and disturbed Flat bottom and turbidite 


morphology at the bottom 
of the Trench 


stone and tuff in the upper part, range from the Upper Miocene to the Lower Pleistocene 
according to the investigation of foraminiferas (LERoy, 1964; Natori et al., 1972; Uyne 
and Okt, 1974). 

The lower portion of the group shows a deep water paleoenvironment, indicating re- 
lative rise of sea level during the Uppermost Miocene to Pliocene. Then rapid regression 
occurred during deposition of the upper horizon of the group on the basis of benthonic 
foraminiferas as well as molluscan fossils (LERoy, 1964; Nova, 1976). 

Southeastward shift of the basin occurred during the Shimajiri stage accompanied 
by basement arching. The Ryukyu island arc formed in association with the uplift of the 
Shimajiri group along the arc, simultaneous with the formation of the Okinawa Trough 
and probably the Ryukyu Trench. This was at the end of the Lower Pleistocene. 


7. Marine Geological Results 


Marine geological research has been carried out around the Ryukyu islands by the 
Hakurei Maru of the Geological Survey of Japan (Honza, 1977). Honza stressed that 
significant differences in the marine geology are observed between the southern part of 
Ryukyu (south Ryukyu) and the northern part of Ryukyu (north-central Ryukyus). The 
contrast of the geology and structure of the sea floor between the south and north-central 
Ryukyus around the Ryukyu islands is shown in Table 1. It is particularly apparent in 
the difference of the nature of the Philippine Sea floor facing the north-central and south 
Ryukyu. 


8. Tectonic Unification of the Islands 


From the above considerations, it may be concluded that the geology and tectonics 
of south Ryukyu differ from those of the north-central Ryukyus. "The metamorphism of 
the Yaeyama metamorphic rocks had completed by the end of the Jurassic time and the 
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Fig. 3. Distribution of the Simanto supergroup which shows an oro- 
clinal bent at the southwestern coast of Kyushu resulted from the 
Kyushu western marginal shear (K.W.M.S.). 


region thereafter has been in stable conditions, whereas in the north-central Ryukyus 
eugeosynclinal stage has continued until the end of the Paleogene and the Early Miocene 
age partly. 

The ENE-WSW trend of the Shimanto supergroup changes almost sixty degrees to 
the south at the western coast of Kyushu which is called ‘“‘Hokusatsu Bend” (Fig. 3). 
This oroclinal bend was produced by the Kyushu western marginal shear (Kizax1, 1978) 
with the left-lateral shift in the Middle Miocene age after the completion of the main 
folding stage associated with thrust faulting. ‘The clockwise rotation of south Ryukyu, 
mentioned earlier, occurred in the Oligocene time. 

In ‘Taiwan, the formations including the Lower Miocene sediments are bent to the 
east at the northeastern edge of the island where a right-lateral shearing of probable Middle 
Miocene age has been reported (YEN, 1975). 

It is therefore probable that the southeastward shift of the Ryukyu proto-islands cul- 
minated in the Middle Miocene and continued thereafter, protruding relatively to the 
southeast between Kyushu and Taiwan. At that time the Tokara Channel and Miyako 
Depression were also activated as left-lateral faults. From these facts, it may be inferred 
that the Ryukyu islands have been shifted differentially southeastwards particularly since 
the Middle Miocene associated with strike-slip faults to form the modern island arc in the 
Plio-Pleistocene time. Prior to the Middle Miocene, the north-central Ryukyus and south 
Ryukyu had experienced different geological and structural histories. 
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A series of seismological observations of explosions from 1972 to 1977 has been worked 
out to study underground structure and possible anomaly of wave propagation beneath and 
around the Sakurajima Volcano and the Aira Caldera as well as regional structure of south 
Kyushu. Results described in this report are summarized as follows: 

1. Name, velocity and bottom depth of the identified layers are, L-1, 3.7—3.8 km/sec, 
0.7-1.8 km; L-2, 4.7—-4.9 km/sec, 3.3-5.6 km; L-3, 5.6-6.1 km/sec, 22 km; L-4, 7.0 km/ 
sec, (40 km); L-5, (7.8 km/sec). 

2. ‘Two fan-shooting observations revealed following anomalies of wave propagation. 

1) A large attenuation of the amplitude of seismic waves occurs under the Sakura- 
jima Volcano and the Aira Caldera. 

2) Wave velocity is likely to decrease under the Sakurajima Volcano. 

3) These anomalies of wave propagation occurs at the 6 km/sec layer. 


1. Introduction 


South Kyushu, where a large volume of magma has erupted in the late Quaternary 
time, is one of the most active volcanic fields in Japan. Active volcanoes and calderas 
are aligned along the Kagoshima Bay and its extension to the north and south. The Kago- 
shima Bay has been thought to be a graben probably of a volcanotectonic origin from the 
following informations; the topography on land and sea bottom (Ono, 1974), the depth of 
the pre-Neogene basement as revealed by drill-hole data (Hayasaka and Ok1, 1971), 
thick sedimentary fills and negative Bouguer anomaly along the axis of the bay (CHujo 
and Murakami, 1976) and many pyroclastic units possibly centered in or near the bay 
(Aramaki and U1, 1976). The Sakurajima Volcano is an active andesite volcano, located 
at the south margin of the Aira Caldera which occupies the northernmost part of the 
Kagoshima Bay. The Aira Caldera was formed about 22,000 years ago following eruption 
of a large amount, nearly 40 km3, of rhyolite magma (ARAmaAkr and U1, 1966). 

Although efforts to clarify the structure of the earth’s crust and upper mantle in and 
around Japan by the Research Group for Explosion Seismology has been continued since 
1950, practically no work had been done in the Kyushu area before our group initiated 
this work. A series of observations for explosions were carried out every year from 1972 
to 1977 except 1976 around two volcanoes, the Sakurajima Volcano and the Aira Caldera. 
The objective of the study was to probe into the underground structures beneath the active 
volcanic area as well as the regional structure of south Kyushu. The work is a part of the 
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Fig. 1. Location of shot points and observation sites. 
Some observation sites are not shown to avoid too 
much complication. A, Aira Caldera; S, Sakura- 
jima Volcano; KB, Kagoshima Bay; T, Tanega- 
shima Island; Y, Yaku-shima Island; K, Kago- 

130° : shima City; M, Miyazaki City. 


Table 1. List of observations. 


Stok Charge 4 Number of 
Year Date ° é amount (km) observation Method 
ae (kg) sites 
1972 8.9 SP.O 507.0 56-85 9 Fan-shooting 
8.13 SP.0 544.5 
1973 8.22 SP.I 405.0 0-119 15 Refraction 
8.22 SP.II 504.0 
8.28 SPI 486.0 
8.29 SPa 121.5 
1974 8.22 SP.III 297.0 11 Refraction 
8.22 SP.V 300.5 0-34 
8.24 SP.1V 146.25 
8.24 SP.I 395.0 29-62 
1975 8.12 SP.III 301.5 0-51 12 Refraction 
8.12 SP.VI 501.5 54-70 Fan-shooting 
Mia 8.9 SP.VII 967.5 0-202 12 Refraction 


Japanese Geodynamics Project. The earlier part of this work was already reported else- 
where by Ono et al. (1977). 

The locations of the shot points and the observation sites are shown in Fig. 1 and the 
data are listed in Table 1. 
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2. Regional Crustal Structure of the South Kyushu 


Refraction seismic observation spanning 119 km across the south Kyushu was done in 
1973. ‘The observation line was designed to take as longer span on land as possible in an 
E-W direction, to traverse the major structural trend in the region and at the same time to 
run across the northern extension of the Kagoshima Bay, which is a possible graben struc- 
ture as stated already. 

The result of this observation was reported by Ono et al. (1977) in detail and is sum- 
marized as follows. ‘Two shot points are located at both ends of the observation line; 
SP. I at the west and SP. II at the east. Three velocity layers are identified near both ends 
(Table 2). Velocities of the third layer, which constitutes the main part of the upper crust, 
are determined as 6.1 km/sec in the western portion and 5.6 km/sec in the eastern portion 
respectively but the base of this layer was not detected. Remarkable increase of delay 
time was observed at the observation sites to the north of the Kagoshima Bay and could be 
interpreted due either to slower velocity or deeper boundary of velocity layers there. A 
graben model, 16 to 19 km in width and 0.7 km downthrow with a little tilt to the east, 
well accounts for this increase of delay time. 

To know the structure of the lower crust and the uppermost mantle, a longer-spanned 
refraction seismic observation was done in 1977 along a N-S trending observation line, 
which spans 202 km from the shot point SP. VII near the southern end of Tanega-shima 
Island to the north of Miyazaki City (Fig. 1). This observation line was designed parallel 
to the general structural trend and to detect the boundaries of the upper crust, the lower 
crust and the uppermost mantle. 

Seismic record sections of this observation are shown in Fig. 2. Onsets of signals are 
not clear for some distant observation sites by the noise due to an unexpected storm. 
Travel time curve from these records is shown in Fig. 3. 

Although this is a one-way observation, we assume a structure of horizontal plane 
boundaries to derive four velocity layers as shown in Fig. 3. Assumption of horizontal 
structure in the N-S profile is supported by the regional Bouguer anomaly (Tomopa, 1973). 
The velocities of 5.9 km/sec and of 7.0 km/sec are identified well in Fig. 3, however, data 
points near the shot point are not enough to determine the shallow structure. Since the 
apparent velocity of 5.9 km/sec corresponds to that of the third layer in previous observation 
in this region in 1973 and in 1975, the 5.9 km/sec layer is assumed to be the third layer 
along this observation line. Then the velocities of upper two layers are assumed to be 


Table 2. List of velocity layers in south Kyushu. 


1973 for 
Near SP. I Near SP. IT 
Vz, Depth of V;, Depth of Vz Depth of 
(km/sec) bottom (km) (km/sec) bottom (km) — (km/sec) bottom (km) 
Layer | Sei 0.9 3.8 A) 3.8 0.7 
Layer 2 4,9 She) 4.8 5.6 4.7 4.8 
Layer 3 6.1 ? 5.6 ? 58) 22 
Layer 4 7.0 40 
(7.8) P 


Layer 5 
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Fig. 2. Seismic record sections of the refraction observation of 1977. 
Solid inverted-triangles mark the onsets of signals and open 
inverted-triangles mark the read later phases. 


represented by the average values of respective layers obtained in the former observations 
and determined as shown in Fig. 4. 

The fourth layer is the lower crust having a well-defined velocity of 7.0 km/sec. A 
velocity layer faster than 7 km/sec is not found as first arrivals but later-phase information 
suggests probable existence of 7.8 km/sec layer as shown in Figs. 2 and 3. The calculated 
depth of the boundary between Layers 4 and 5, that is Moho, is 40 km which is much 
deeper than former estimations; 32 km by gravity (KANAMorI, 1963) and 24 km by phase 


Explosion Seismic Studies in South Kyushu Especially around the Sakurajima Volcano 313 


sec 


nb} SP.VIl 1977 3 © SPI +1973 i 
it Sige 4 SPI - 1973 
[ ey * SPIll - 1975 
ee 6+ y SPVIl- 1977 
Yee 
t oe SS > Okm ES 
20 | wy a ESSE oe ae 
b = 10 4 
ua 5.9 3 
[ =? ad sy whe, 
= 20 | ” 
I va 
10 coho 7.0 = 30 We 
- A 2 ih 2 
nee = --===--= - 40 a 
c xh (7.8) r 
0 ph 4 4 4 4 =e 4 4 4 4 4 7 4 4 4 4 +. 0 V 4 4 Se: 4 a © 4 =" 4 4 we 4 
0 50 100 150 200 km 0 10 20 30 km 
Fig. 3 Fig. 4 


Fig. 3. Travel time curve of the refraction observation of 1977 and derived structure assuming all 
layers are horizontal. For the shallow structure see the text and Fig. 4. Later phase informa- 
tions of distant sites are shown by small solid circles and a broken line. 

Fig. 4. Travel time curve of the refraction observations in 1973, 1975 and 1977. The data only 
for the layers, the velocity of which are slower than 6 km/sec, are shown. 


Fig. 5. Schematic fence diagram of the south Kyushu 
region. Structures obtained by the refraction 
observation in 1975 (see Fig. 10), by Mryazaxt 
et al. (1977) shown as (M) and by Lupwic et al. 
(1973) shown as (L) are included. 


Q 50 100 km 


velocity of Rayleigh wave (KaAminuMA, 1966). Since the onset of the first arrival may be 
obliterated by noise in distant stations, where the quality of the record is low, true onset 
might be earlier than the read one and Moho might be shallower than the obtained depth. 

A schematic fence diagram compiled for this region, including the data of a N-S 
section by the one-way refraction observation from SP. III (Fig. 10), those near the Kiri- 
shima Volcano by Mrvazaxi ef al. (1978) and on an E-W section south of Yaku-shima Is- 
land by Lupwic et al. (1973), is shown in Fig. 5. 

Main parts of Layers 1 and 2 probably correspond to folded Mesozoic and Paleozoic 
formations of the Outer Zone of the Southwest Japan, but the uppermost part of Layer 1 
near SP. II is the westernmost portion of the thick sedimentary basin, of which axis is 
located in Hyuga-nada off the east coast of Kyushu, and is overlying on older rocks. 
Layer 3 probably corresponds to the pre-Cambrian crystalline basement which extends 
from the Chinese continent through Tunghai Shelf (WacEmaNn ed al., 1970). Underlying 
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of older, metamorphic or igneous rocks is suggested by the presence of xenolithic inclusion 
in Neogene granitic plutons in south Kyushu (Nozawa, 1977) and by Sr isotopic data 
(Yanaci et al., 1971). Layer 4 represents the lower crust but no more definite information 
is available. / 

The velocity of Layer 5, Pn velocity, is 7.8 km/sec which is faster than 7.5 km/sec 
beneath Northeastern Japan (RrsEARcH GRouP FOR EXxPLosion SEISMOLOGY, 1977); 
Recently Masupa et al. (1978) reported that the Pn velocity of 7.5 km/sec is for the western 
part of northeast Honshu, west of the volcanic front, while that of 7.8 km/sec is for the 
eastern part of the region, between the volcanic front and the ocean, where the tectonic 
location is very similar to the area along our observation line of 1977 on the oceanic side 
of the volcanic front in south Kyushu. 


3. Fan-Shooting Observation across the Sakurajima Volcano and the Aira Caldera 
Two fan-shooting observations which are designed nearly perpendicular to each other 


SP. 0 


First peak-to-peak amplitude 


Ar: corrected for distance 


Ar: corrected for distance 
and local effect 


Maximum amplitude in later phases 


Av: corrected for distance 
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Fig. 6. Relative amplitudes Ap, A’p and A, observed at each site of 
the fan shootings from SP. 0 and from SP. VI shown in arbitrary 
scales and the ratio Ap/A;. For Sites 4, 5 and 8, values may be less 


than those marked by circles but not as low as the lower ends of the 
bars under the circles, 
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in direction and cover the areas of the Sakurajima Volcano and the Aira Caldera, were 
carried out in 1972 and in 1975 (Fig. 6). Sites C of 1972 and 8 of 1975 are located right 
on the other side of the Sakurajima Volcano relative to the shot points and E and F of 1972 
and 5 to 7 of 1975 are on the other side of the central portion of the Aira Caldera. Seismic 
record sections of these observations are shown as Figs. 7 and 8. 

The relative amplitudes of the first peak-to-peak, which are corrected for distance, 
are shown as A, in Fig. 6. The correction was made on the basis that the amplitude 
decreases as the second power of distance from the shot point. Although the first peak- 
to-peak amplitude were not detected or not measured at some observation sites due to 
higher noise levels or smaller signals, a general tendency that the amplitude becomes 
smaller at sites located on the other side of the volcanoes relative to the shot points, is evi- 
dent. 

Sites B, C, D and E of the fan shooting of 1972 from SP. 0 were used also for the ob- 
servations in refraction method of 1973 from SP. I and SP. II. Similarly, all sites, 1 to 12, 
of the fan shooting of 1975 from SP. VI were used for the one-way refraction observation 
for SP. III, located near the north end of the observation line. So, the correction of local 
effect near the observation sites can be made by comparing the amplitudes of fan shooting 
with the amplitudes of refraction method, both observed at the same sites and corrected* 
for distance in the same fashion. The spatial anomaly of amplitude remains after this 
correction of local effect (A’p in Fig. 6). The minimum of the amplitudes Ap or A’y is 
located at Site C, right on the other side of the Sakurajima Volcano, for SP. 0. For SP. 
VI, the minimum, though not definitely located, lies between Site 4 to Site 8. The first 
arrivals at these sites should be waves passed through the 6 km/sec layer if we take account 
the path and the structure of this region derived from the refraction observation in 1973, 
1975 and 1977 (Fig. 5). It is concluded that anomaly is not due to local cause but due 
to some cause along the paths between the shot points and the observation sites. Since 
those anomalously smaller amplitudes are observed at sites where ray paths passed across 
the areas of the Sakurajima Volcano and the Aira Caldera and waves of the first arrivals 
passed through the 6 km/sec layer, the decrease of amplitude occurs most likely in the 
6 km/sec layer under these volcanoes. 

The amplitudes of later phases of these records vary in accordance with the ampli- 
tudes of the earliest phases at most sites with some exceptions. The maximum amplitudes 
in later phases (A,: solid circles in Figs. 7 and 8) and the ratios A,/A,, are shown in Fig. 
6. It is noted that the ratios A,/A, are small at Site C of 1972 and Site 8 of 1975, both 
located at right on the other side of the Sakurajima Volcano. The first arrivals at these 
sites are waves passed through the 6 km/sec layer and the later phases treated here are 
likely to represent the refraction of the adjacent layer above the 6 km/sec layer considering 
the path and the structure of this region. Then, the smaller ratios A,/A,, at these sites 
probably mean that attenuation in the adjacent layer above the 6 km/sec layer is not as 
conspicuous as in the 6 km/sec layer. 

Travel times of the two fan-shooting observations, which are reduced to 6 km/sec, 
are shown as open circles in Fig. 9. The reading accuracy of travel time is within 0.02 
sec. As for the observation of 1972 for SP. 0, travel time anomaly is not found except at 
Site C. The first arrival time at Site C is not decisive due to small S/N ratio. It can be 
read in two ways as shown by two open circles, tied by a bar, in Fig. 9. The lower one is 


* The correction was not made for Site E because the amplitude was not calibrated there in 1973. 
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Fig. 9. Travel times reduced to 4/6 and those corrected for delay 
times at the observation sites for fan-shooting observations of 
1972 (top) and 1975 (bottom). 


close to the broken line which represents the apparent velocity and the other is about 0.2 
sec later than the former. In the case of 1975 for SP. VI, the first arrival time at Site 8 
is delayed by about 0.2 sec than the apparent velocity determined by the travel times of 
other sites (bottom of Fig. 9). 

It should be examined if this delay of travel time at Site 8 and possibly at Site C is 
due to some anomalous, low-velocity space between the shot point and the observation 
sites or due to the underground structure near the observation sites. The travel time at 
the fan-shooting observation, 7’,, is expressed as 


A 
LI a alia 


where 7, and T, are delay times at the shot point and the observation site respectively, 
A is the distance between the shot point and the observation site, and V is the velocity 
of the refractor. In order to detect a possible anomaly in the velocity, delay times, 7, 
and 7. should be determined. 7, is assumed to be equal for all the sites for one shot 
regardless of azimuthal directions. The delay times 7), at some Sites B, C, D and E of 
1972 were obtained in the refraction observation of 1973 (Ono et al., 1977). For Site 
F of 1972, the delay time of a site of 1973, where is 300 m distant from the former, was used. 
The delay times at the sites of 1975 are derived by the one-way refraction observation for 
SP. III (Fig. 10), assuming that the true velocity* of the refractor is 6.0 km/sec. ‘The delay 


time, however, can be obtained only for Sites 5 to 12, where the first arrival from the re- 


* The difference between real and assumed velocities is not critical here to detect an anomaly in velocity. 
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Fig. 10. Travel time curve of the refraction observation of 1975 
and derived structure assuming all layers are horizontal. 
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Fig. 11. Area of anomalous wave propagation 
around the Sakurajima Volcano and the Aira 
Caldera (see the text). 


fractor is observed. The travel times after subtraction of delay times are shown as solid 
circles in Fig. 9. The delay at Site 8, and possibly at Site C, is more clearly seen. 

The records at Site C and Site 8 are characterized also by very small Ay, A’p and 
Ay/A, as previously stated. The intersection of the ray paths to Site C and Site 8 coinsides 
to the Sakurajima Volcano. 

Kamo et al. (1977) found from the results of observation of natural earthquakes at 
sites located around the Aira Caldera that S-waves were more attenuated than P-waves 


when the seismic waves passed beneath the caldera or the Sakurajima Volcano while 
decrease in velocity was not detected. 


‘These results are summarized as follows: 
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1. A large wave attenuation occurs under the Sakurajima Volcano and the Aira 
Caldera. S-wave is more attenuated than P-wave (Kamo et al., 1977). 

2. Wave velocity is likely to be decreased under the Sakurajima Volcano. 

3. Anomalies of wave propagation occur at the 6 km/sec layer. 

The physical state causing these anomalies is not definitely determined yet. Areal 
distribution of anomalies is shown in Fig. 11. The edge of the anomalous area is not de- 
finite because the anomalies are not very critical but rather gradual. The dotted area 
around the Sakurajima Volcano and in the Aira Caldera is likely to be more shattered 
than the surrounding region but we can not tell if liquid magma exists there or not. The 
state in the small striped area under the Sakurajima Volcano is something different from 
that under the Aira Caldera causing more attenuation and velocity decrease. 


We are grateful to the local government and people who helped us in many ways during the operations. 
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TWO TYPES OF ACCRETIONARY FOLD BELTS 
IN CENTRAL JAPAN 


Yujiro Ocawa* and Kazutoshi Horrucnt 


Department of Earth Sciences, Nihon University, Sakurajosui, Tokyo, Japan 
(Received May 31, 1978; Revised September 8, 1978) 


Sedimentary and structural characteristics in two types of accretionary fold belts in 
central Japan are introduced and the tectonic significance are discussed. The Shimanto 
Fold Belt, grown up from the Cretaceous arc-trench gap and trench slope sediments, has the 
collisional features of large scale folds. The fold styles in the belt are differently developed 
in inner and outer parts. The former is characterized by a series of shear folds and the 
latter is by a series of lens folds. This difference may be caused chiefly by the different geo- 
thermal gradients of the area, ‘The Miocene Miura Basin is influenced by lateral com- 
pression of strike slip field at the time of sedimentation. The development of the basin 
was related to the strike slip motion at the plate boundary between the Philippine Sea and 
Asian Plates. 


1. Introduction 


The accretionary fold belts in Southwest Japan were considered to be the products of 
the Japanese or Pacific type orogenic movements (Kopayasui, 1941; YEHARA, 1953; 
Matsumoto, 1967). ‘The origin of the belts, especially of the Shimanto Fold Belt, has 
recently been discussed on the basis of subduction tectonics (KANMERA, 1976; DicKiN- 
son, 1977). Although structural profiles were obtained for some areas (KimurA and 
Toxuyama, 1971; Kimura, 1974; Suzuki, 1975; Kanmera and Saxal, 1975), detailed 
internal fold structures and characteristics of deformation have not yet been fully elucidat- 
ed. Sometimes the structural characteristics observed in the fold belts are interpreted by 
oneway polarity shown by slice or imbricate structures, but as shown in the following they 
could much more reasonably be explained by collision or in some cases lateral slip tectonics 
in central Japan. 

Two types of accretionary fold belts differing in tectonic features are discriminated 
in both sides of the Fossa Magna in central Japan. ‘The one developed from the Cre- 
taceous Shimanto Geosyncline in the Akaishi and Kanto Mountains, and the other from 
the late Miocene Miura Basin in the Miura Peninsula (Fig. 1). The tectonics in both the 
belts may be interpreted as a result of successive migration of geosynclines and accretion of 
fold belts to the major cordillera of Japan. ‘The Miocene basin developed in connection 
with the development of a triple junction. 

In this paper we treat with the accretionary fold belts. ‘The sedimentation and struc- 
tures are briefly described and the characteristics of the small structures are considered in 
view of the differential series of fold styles and the application of plate tectonics. 


* Present address: Department of Geology, Kyushu University, Hakozaki, Fukuoka 812, Japan. 
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Fig. 1. Index map. Fold belts from inner are as follows: SK, Sakawa Fold Belt (including Ry, 
Ryoke Zone; Sb-Ch, Sambagawa-Chichibu Zone); SBN, Sambosan; SH, Shimanto (s.s.); 
ST, Setogawa; OI, Oigawa; TZ, Tanzawa; M.T.L., Median Tectonic Line. 


2. Tectonic Setting 


The Japanese Islands have not a few evidence for the welding of eugeosynclinal 
materials deposited in marginal basins or forearc areas together with microcontinent crust 
to the Asian Continent. The history involves subduction and collision around the mar- 
ginal areas of western Asian Continent. The welding occurred during the late Paleozoic 
and Mesozoic two big orogenic movements of Akiyoshi and Sakawa series (KOBAYASHI, 
1941; Kimura, 1974; Ocawa, 1978). The welding during the orogenesis finally re- 
sulted in the building of the Eo-Japan Cordillera in Jurassic (KoBAYAsHI, 1941), and the 
last apparent paired metamorphic belts of Ryoke and Sambagawa emerged in Cretaceous 
during the displacement of the Median Tectonic Line. Since that time several fold belts 
have accreted intermittently outward to this cordillera. They are divided from inner to 
outer as follows; the Sambosan Fold Belt (mainly of Triassic sediments including from 
Carboniferous to Jurassic), Shimanto (s.s.) (Cretaceous sediments), Setogawa or Naka- 
mura (Paleogene sediments) and Oigawa-T'anzawa-Miura (Neogene sediments) (KimuRA 
and ‘Toxuyama, 1971). Each fold belt represents an orogenic belt with a metamorphic 
core. ‘The sediments except in the Tanzawa are composed of a large amount of terri- 
genous clastics, such as turbidite, sandstone and mudstone, and interbedded conglomerate, 
limestone, chert and rhyolitic tuff. Although the intercalated layers, i.e. conglomerate, 
limestone, chert and tuff generally constitute rather small proportions of the sedimentary 
pile, they locally develop to a large extent. A few layers of basaltic rocks are also inter- 
bedded in specific, generally in the lower horizons. In some areas sediments are thought 
to be sedimentary mélange or olistostrome (KANMERA, 1977). 

In order to elucidate the sedimentation and tectonics in the fold belts, therefore, it is 
considered desirable to analyze thoroughly the subduction zone between continental and 
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oceanic plates. The interaction of the plate motions in western Pacific should affect all 
the processes which take place in the destructive plate boundary. 

A change in the motion of the plates occurred in late Paleogene (UyEDA and Miya- 
sHiro, 1974). After the change, the Pacific Plate has been moving westward and sub- 
ducting in the same direction as it does today. As a result of this change in the plate mo- 
tion, the site of active volcanism and sedimentation shifted or jumped to newer zones which 
ran in N-S direction across the Japanese Islands. The Fossa Magna is the intersection 
between the old and new deformation zone along plate boundaries. The fold belts older 
than Paleogene bend convexly innerward on the both sides of the Fossa Magna and turned 
again concavely in the east (Fig. 1). The Neogene Oigawa-Tanzawa-Miura Fold Belt 
was welded to the outermost part of these fold belts. The Izu Peninsula is said to be the 
collisional bar to the central part of Japan (Martsupa, 1978), and the Miura Basin corre- 
sponds to the eastern flank of the major eugeosynclinal area affected by strike slip tectonism 
in late Miocene. 


3. Shimanto Fold Belt in the Akaishi and Kanto Mountains 


The Shimanto Fold Belt (s.s.) occupies the inner half of the so-called Shimanto 
Terrain, where Cretaceous and Paleogene geosynclines occurred. The Shimanto Group 
(s.s.), composed of Cretaceous (partly Jurassic) marine sediments, is in contact with the 
north Sambosan Group by a low angle thrust called the Butsuzo Line. ‘The Sambosan 
Group contains Carboniferous to Jurassic clastic sediments with locally large amounts of 
limestone and chert besides basaltic and rhyolitic rocks. Permian and Triassic limestone 
is characteristically developed on the outer margin of the geosyncline. 

The Shimanto Group is made of turbidite, sandstone, mudstone, slump deposits and 
a small amount of limestone, chert and rhyolitic tuff in several horizons. Basaltic rocks 
are distributed in the lower and middle horizons usually accompanying rhyolitic tuff and 
chert. Metamorphic grade reaches as high as pumpellyite or greenschist facies. No 
blueschist is found. 


3.1 Akaishi Mountains 

The group in the mountains forms north-south trending anticlinoria bent convexly 
southeastward. ‘The eastern anticlinoria in the vicinity of the Oigawa River area were 
structurally traced by Kimura and Toxuyama (1971). Turbidite-rich sediments make 
many folds within mostly horizontal enveloping surfaces (Fig. 2). The sediments are 
several thousands meters thick. Structures in the western anticlinoria, on the other hand, 
are characterized by large-scale recumbent folds, like mushroom folds, which have been 
analyzed by the precise mapping by Marsusuima (1972, 1978) (Fig. 2). Strata in the 
core are nearly horizontal around Mt. Akaishi. This large scale folding corresponds to 
the major core of the whole belt. The general structure diverges upward with opposite- 
vergence folds, namely west vergence in the west and east vergence in the east. Small 
scale folds are rarely developed in the limbs of the large scale folds unlike in the eastern 
flank of the Oigawa River area. 

The small structures in these areas are very significant, especially the fold styles (See 
Fig. 9 as for the fold styles). In the lowest horizon in the core part of the western anti- 
clinoria, flow folds made of crystalline schist or phyllite are developed (Pl. I-1). Crenu- 
lation cleavages of later stage are sporadically developed in the west andeast. In the west 
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Pl. I. 1. Flow folds at the eastern foot of Mt. Kitadake. Alternated beds of chert, rhyolitic tuff and 
mudstone in the Shimanto Group, thermally metamorphosed. 2. A part of shear folds to the west 
of Mt. Akaishi, Shimanto Group. Slaty cleavages obliquely cut the bedding plane. Left-hand is 
upward. 3. Lens folds with lenticular bodies of sandstone in alternated beds of mudstone and 
sandstone, Shimanto Group at Senzu, Oigawa River area. 4. A part of flexial-slip folds, Shimanto 
Group at the south of Senzu, Oigawa River area. 5. Slump deposits with sandstone fragments. 
Ogochi Group at the south of the Okutama Lake. 


shear folds characterized by slaty cleavages are common (PI. I-2). On the other hand 
lens folds are the dominant structure in the east, where bedding slip usually occurs (PI. 
I-3). Lens structure developed from small conjugate faults in the brittle layers and ex- 
treme slip along bedding and/or fault planes. In the upper horizons, weakly developed 
slaty cleavages without bedding slip are observed in the west, while flexural-slip folds with 
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remarkable bedding slip predominate in the east (Pl. I-4). To summarize, fold styles in 
the west are series of shear folds and those in the east are series of lens folds (Figs. 5 and 9). 


3.2 Kanto Mountains + 

The Shimanto Group in the Kanto Mountains is divided into the north Ogochi and 
south Kobotoke Groups. Each group constitutes the respective fold belt. The two are 
in contact with the Itsukaichi-Kawakami Line (Fig. 3). There are no distinct Paleogene 
sediments in the Kanto Mountains unlike in the other Shimanto Terrain in Southwest 
Japan. 

The Ogochi Group is distributed on the south of the Sambosan Group under the low 
angle thrust fault, the Butsuzo Line. The group is composed of a large amount of muddy 
slump deposits containing lenses or fragments of basaltic to rhyolitic volcanic rocks, chert, 
limestone and conglomerate. Some of them are interpreted not as layers in situ but as 
allochtonous slump deposits (Pl. I-5). Some possibly Jurassic indicating fossils are found 
in the limestone of this group (Fujimoto and Suzuxt, 1969). These rocks are covered by 
quartz-feldspathic sandstone and sandy sediments which yield an Upper Cretaceous pele- 
cypod Inoceramus sp. (NisuimryA, 1976). The large-scale structures of the group are not 
clearly determined, but generally vergence of folds is northward in the north and south- 
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Fig. 3. Sketch map of the Ogochi and Kobotoke Groups in the Kanto Mountains. Data in the 
Sambosan and Ogochi Groups are after Ucuma (1978). 
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ward in the south. Strata form tight folds of several hundred meters scale, but slice or 
imbricate structures such as reported in Kyushu by Kanmera and SAKAI (1975) have not 


yet been observed. 
In the Ogochi Group, schistose rocks showing flow folds are distributed in the lowest 
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Pl. II. 6. A shear fold with scarce bedding slip. Slaty cleavages and microfolds developed in the 
muddy part. Kobotoke Group, at Wadamukai, west of Itsukaichi. 7. A part of lens folds in the 
alternating beds of sandstone and mudstone in the Kobotoke Group at the north of Nanaho, 
Otsuki. 8. A part of lens folds in alternating beds of mudstone and sandstone in the Kobotoke 
Group at the north of Nanaho, Otsuki. 9. Flexural-slip folds in the alternating beds of sandstone 
and mudstone. Slaty cleavages scarcely developed in mudstone. Kobotoke Group, at the west of 


Kosuge. 10. Thrust faults displace the scoriaceous layer (dark). Misaki Formation at Kenzaki, 
southernmost part of the Miura Peninsula. 


horizon around Otaki, Chichibu district, and upward in the north of Ogochi, shear folds 
made of slaty cleavages and phyllitic planes are well developed. The slump deposits 
which occupy the southern part of the group are more or less sheared to form lens struc- 


tures. ‘There is no regular slate plane. In the upper part to south flexural-slip folds with 
remarkable bedding slip are observed. Therefore it is summarized that in the north a 
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series of shear folds predominates while in the south sereis of lens folds predominates (Figs. 
4 and 5). 

The Kobotoke Group, south of the Ogochi, is composed mainly of sandstone and 
mudstone with turbidite. Sandy deltaic aprons are developed in the northeastern part 
of the group. An Upper Cretaceous ammonite has been found in float in the middle hori- 
zon (Matsumoto et al., 1973). Basaltic rocks are intercalated in the lower sandstone in 
the middle part. Slump deposits are distributed with dacitic tuff and chert along the 
southern margin of the group. Strata are deformed in steeply dipping to overturned or 
recumbent folds of various scales. The enveloping surfaces in the order of one kilometer 
across are gently undulating (Fig. 3). As for the large scale folds, those in the north show 
north vergence and those in the south have south vergence. One anticline in the middle 
part shows south vergence in the west and is twisted to east to show north vergence (Fig. 
3). Along the river south of Motojuku, typical mushroom folds on the scale of several 
hundred meters are observed (B-B’ in Fig. 3). Gently dipping strata are rather widely 
developed in the central part of the folds. 

Small structures in the Kobotoke Group are developed differently from north to 
south. In the north folds are characterized by a series of shear folds and in the south by a 
series of lens folds, though several intermediate types are observed in places. Flow folds 
are developed in the cores of anticlines or synclines. In the northernmost and some middle 
parts, muddy sediments are deformed with development of slaty cleavage or phyllitic 
planes. Bedding slip is rarely observed in the alternating beds of sandstone and mud- 
stone, which contains slaty cleavage (Pl. II-6). There are some examples of recumbent 
folds without bedding slip and with slaty cleavages in mudstone. This is the intermediate 
type between flexure folds and shear folds. In the south, on the other hand, lens folds 
are typically developed. ‘The muddy sediments are usually sheared by irregularly de- 
veloped shear planes. The sandstone layers in the alternating beds of sandstone and 
mudstone are strongly deformed into lenticular bodies (Pl. II-7, 8). Lens folds gradually 
convert to the style of flow folds to north, and then change into flexural-slip folds further 
to the north (Pl. II-9). To the north slaty cleavages are developed in mudstone and 
flexural slip and flexure folds in the alternating beds of sandstone and mudstone at the 
same outcrop. Gradual changes from lens to flow, and flow to shear or flexure folding 
occur in the north-south section (Figs. 4 and 5). 


4, Muura Fold Belt in the Miura Peninsula 


The distributions of the Miura Basin is outlined by the upper Oligocene-lower Mio- 
cene Hayama Group (Fig. 6). This basin was filled with the Upper Miocene Misaki and 
Hatsuse Formations of the Miura Group, which conformably or unconformably overlies 
the Hayama Group or Yabe Formation (Akamine et al., 1956; Kimura, M., 1971). The 
Misaki and Hatsuse Formations are composed of considerable amounts of scoria, pumice 
and tuffaceous siltstone. They are free from any continent-derived material such as quartz- 
ose sediments. The volcaniclastic material such as scoriaceous or pumiceous turbidite 
decrease to north. They were supplied chiefly from south or west, probably from the vol- 
canic islands situated around the present Izu Peninsula. 

The strata in the Miura Basin are generally gently undulated into some nose or dome- 
basin structures (Fig. 6), but some intense folds show south vergence. Strata are not com- 
pacted hard, nor have they suffered from significant metamorphism, but they are deformed 
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Fig. 6. Sketch map of the Neogene sediments in the Miura Peninsula. Data in the southern part 
partly after Apr (1978), in the middle-east after MrrsunasHi and Yazaxr (1968), and in the 
north after Ogawa (unpublished data, 1976) and I1zuxa (1978). Distribution of the Hayama 
Group mainly after GEOLOGICAL SURVEY oF JAPAN (1976). Strata dip right side of the arrows. 


by various types of small faults. Especially in the Misaki Formation, which is composed 
mostly of turbidite of tuffaceous siltstone and scoriaceous sandstone or conglomerate, many 
small scale faults are developed together with slump and slide deposits (Pl. II-10). The 
tectonic and sedimentary structures indicate that they were developed immediately after 
deposition. ‘Two main stages of the formation of faults are recognized. 

The first is characterized by thrust faults, and the second by normal-strike slip faults. 
The two are developed in the area where bedding planes are variable. ‘The principal 
stress axes of each type deduced from the conjugate sets of shear planes trend systematically 
in view of the large fold patterns (Figs. 7 and 8). As for the first statge, the stress axes 
are converted to the original stage of the formation of faults by rotating of the bedding 
planes to the horizontal as shown in the figures, since they are assumed to have developed 
when the strata were still horizontal. As shown in Figs. 7 and 8, the maximum compres- 
sive principal stress axes tend to parallel the present strike of the bedding planes (marked 
in the projection), and the minimum stress axes were nearly vertical. This indicates that 
the stress field at the formation of the thrust faults are compressional, related to the 
shearing at the beginning of the doming in the basin. 

In the second stage, faults of mainly normal and strike slip types were developed. 
Conical type faults are occasionally developed. Usually the compressive stress trends 
normal to the axes of syncline and anticline and the minimum axes parallel the axial direc- 
tion. Therefore the normal compression to the axis of the folds during the development 
of the folds is inferred. 

These two types of faults are developed rather continuously considering the nature 
and succession of the development. The folds related to the formation of the faults may 
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Fig. 8. Structural map in the Kenzaki-Bishamonten area. Explanations are the same as in Fig. 7. 
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have been influenced both by the lateral shearing within the basin and by the relative up- 
lift of the basement, since the anticlines of the Misaki Formation coincide with the dis- 
tribution of the substrata Hayama Group. 


/ 


5. Tectonic Significance of the Cretaceous Shimanto Geosyncline and the Miura Basin 


As mentioned above there are two types of accretionary fold belts in central Japan. 
One is the Shimanto and the other is the Miura. The former developed in and around the 
area of arc trench gap and trench slope and its tectonics could be explained by subduction 
tectonics. The tectonics of the latter is explained by the compressive shearing on trans- 
form type plate boundary. 


5.1 Shimanto Fold Belt 

The Shimanto Fold Belt in the two areas shows particular internal fold patterns. The 
folds in the core of the belt are characterized by upward diverging of opposite-vergence 
folds, namely the inner folds show inner vergence and the outer folds outer vergence. 
The enveloping surfaces in the flank of the fold belts are almost horizontal. It has been 
postulated that the axial planes were twisted and dragged laterally in the late-stage up- 
heaval of the mountains (Marsusuima, 1973). But the cleavage planes do not show any 
significant rotation. ‘The large scale folds observed in the core part of the mountain are 
of the principal folding stage. Lateral drag might have occurred during the deformation 
of the western part of the Fossa Magna, the left lateral slip since Paleogene (ToKUYAMA 
and Hanna, 1978). In the Kii Peninsula, Suzuki (1975) reported some mushroom folds 
in the Paleogene Muro Group in the outer half of the Shimanto Terrain. ‘There are, 
however, no other examples of such folds in the Shimanto Terrain. These folds might be 
the specific style in the area of the Akaishi and Kanto Mountains and other parts where 
particular collisional tectonism occurred. At least in these areas fold patterns could not 
be explained by oneway polarity of lateral compression but rather well be explained by 
collisional compression within the geosyncline. In the both sides of the Fossa Magna, 
the microcontinent Izu Peninsula collided against the Japanese Islands and the collisional 
features also occurred in these regions in the Neogene sediments (Martsupa, 1978). 

There is another problem on the tectonics of the Shimanto Geosyncline: the basaltic 
magmatism. ‘The basaltic rocks in the Akaishi Mountains are lava, partly with pillow 
structures, and hyaloclastites. They are intercalated between muddy sediments in the 
lower horizon. Some basaltic rocks developed in the innermost and outermost parts of 
the Shimanto Terrain in Shikoku are regarded as fragments scraped from oceanic crust 
itself (SuzuxKr e¢ al., 1978; Hada, personal communication, 1978). But layers in the 
central part of the Shimanto Fold Belt in the Akaishi and Kanto Mountains are distributed 
widely (Figs. 2 and 3) not as fragments and are conformably intercalated within clastic 
sediments. The sediments under the basaltic layers in the central part of the Kobotoke 
Group are quartz-feldspathic. These are not explained by scraping of the oceanic crust 
derived from beyond the trench. 

As far as is known at present, there is no sedimentary basin in the forearc area con- 
taining basaltic volcanism. It should be noted that the basaltic rocks discussed are re- 
latively thin, and are intercalated as one or a few layers in restricted horizons. The volume 
generally attains 5% and partly 10% at most. We do not interpreted the Shimanto 
Geosyncline to be a so-called big eugeosyncline, but interpret that the basin is ‘non-eugeo- 
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synclinal’ and is characterized by a temporary basaltic volcanism. The volcanism may be 
attributed to a short extensional stage at the beginning of the arc-trench gap. At that 
stage rhyolitic or dacitic volcanism and sedimentation of chert and limestone also occurred 
in the area. 

The slump deposits in some parts of the groups, including various kinds of rocks frag- 
ments such as chert, limestone, basaltic rocks as well as dominant sandstone, may be 
mélange deposits on the trench slope. Figure 5 shows hypothetical sections for the Jurassic- 
Cretaceous status in the Kanto Mountains, where, in Triassic and partly Jurassic, the 
Sambosan Group rested in the arc-trench gap with big limestone masses on the trench 
slope break or basement high. The large faults thrust outward under the trench slope 
break, probably corresponding to faults with large tsunamicity (FUKAO, 1978), become the 
Butsuzo Line afterward. In the next stage the sedimentary area prograded outward and 
the Kobotoke Group were widely deposited as arc trench gap sediments. 

The shift of the sedimentary area is attributed to a jump of subduction of the oceanic 
plate (Kimura and Toxuyama, 1971). The slump deposits on the southernmost area of 
the Kobotoke Group around Nanaho correspond to trench-slope sediments. 


5.2 Significance of the divergent development of the fold styles 

As mentioned above, fold styles are differently distributed in the inner and outer 
parts in the Shimanto Fold Belt. Series of shear folds are characteristically developed in 
the inner side and series of lens folds in the outer. The shear folds are characterized by 
slaty cleavages, which were formed under relatively steady state flow in the rocks. On the 
other hand the lens folds are characterized by fault planes, which were formed by stick slip 
of brittle deformation. Generally flexure folds without bedding slip are developed in the 
upper horizon of the shear folds, and flexural-slip folds with remarkable bedding slip do 
occur in the upper horizon of the lens folds (Figs. 5 and 9). The steady state flow and 
stick slip may be differently developed under the different ductility contrast (UEMURA, 
1978). The tectonic levels are chiefly influenced by mean ductility, and ductility con- 
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trast is generally variable according to the homogeneity within the rocks and to the con- 
dition outside, especially temperature. 

As for the similar rocks type like the alternating beds of turbidite, the relative difference 
in the outside condition can, be compared (Kimura, 1968; Ocawa, 1978). The steady 
state flow occurs under higher temperatures when confining pressure are constant (HANDIN 
and Hacer, 1958). In these considerations it will be supposed that in the Shimanto Fold 
Belt the inner part which is characterized by series of shear folds was situated in the area of 
much higher geothermal gradient than the outer part which is characterized by the series 
of lens folds. 

The lateral variation of the value of the geothermal gradient was first introduced to the 
trench and island arc area by TAKEucHI and Uyepa (1965) and was further discussed in 
view of the origin of paired metamorphism by Martsupa et al. (1967), MarsupA and UyEDA 
(1971), Mrvasniro (1972) and others. But it does also realize in the mid-depths around 
the arc trench gap area of the Cretaceous geosyncline in central Japan. The small scale 
orogenic belt of the Shimanto Fold Belt may have the similar condition of the paired meta- 
morphism. 


5.3 Miura Fold Belt 

The Miura Basin in upper Miocene corresponds to the flank of the Tanzawa Eugeo- 
syncline, where a vast extent of submarine basaltic to dacitic volcanism occurred through- 
out Miocene, and a collisional Alpine type mini-orogenic belt occurred in late Tertiary 
and Quaternary (Seki et al., 1969; Martsupa, 1978). The sediments in the Miura Basin 
were derived chiefly from the volcanic region around Izu, southern extension of the Tan- 
zawa. ‘The Shirahama Group in Izu, equivalent to the Misaki and Hatsuse Formations 
in Miura, is not structurally deformed, but the Misaki Formation is both sedimentarily 
and structurally deformed in complex fashion. Small faults originated from differential 
compressive stress under low confining pressure just after sedimentation. The first stage 
of the faulting was during lateral compression at the beginning of folding, and the second 
stage was during the maximum development of the folding. ‘The fold patterns as a whole 
represent a strike slip stress field. The basin was strongly affected by shearing similar to 
the present Sagami Trough as the boudary between the Philippine Sea and Pacific Plates. 
The fault on the trough has right lateral strike slip movement with a thrust component 
(Anvo, 1974). This movement is characterized by the plate motion to the northwest 
side of the triple junction of Japan, which is situated about 200 km southeast of the Miura 
Peninsula (Fig. 1). On the Plate of Philippine Sea, the Izu Peninsula moves northward 
to collide the central part of Japan (Matsupa, 1978). The lateral movement around the 
region may be traced back at least to the sedimentation stage of the Misaki Formation, 
about 12 mybp (after the geomagnetic correlation by Nursuma, 1978). It is said that the 
Shikoku Basin began to spread westward at 40, 27 or 22 mybp (Kopayasur and Isrzax1, 
1975; Warts and WeEtsseL, 1975; Tomopa et al., 1975). This roughly coincides with the 
change of the plate system around Japan and with the beginning of the opening of the Sea 
of Japan (Horixosut, 1975). These tectonic movements intersected around the southern 
Fossa Magna area and the sedimentary and structural complexities occurred on both sides 
of the Fossa Magna and Miura Basin. Thus collisional and strike slip tectonics in these 
area are interpreted in relation to regional tectonics. 
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6. Summary 


Tectonics in the Shimanto and Miura Fold Belts in central Japan is discussed in view 
of the sedimentation and deformation on the plate boundaries. 

Shimanto Fold Belt in the Akaishi and Kanto Mountains grown up from the Creta- 
ceous Shimanto Geosyncline. The development is summarized as follows: 

1) Sediments are composed of trench slope slump deposits in the lower and inner 
part and by arc-trench gap ones in the outer and upper part. This set of position and 
rock facies migrated outward intermittently. 

2) Basaltic rocks are included as slump fragments in the trench slope deposits but 
those in the arc-trench gap ones are not fragments but layers in situ. They may have been 
extruded at the extensional stage of the basin. 

3) Fold styles in the inner and outer are characterized by the series of shear and lens 
folds respectively. This difference is attributed to different geothermal gradients in the 
area. ‘This is similar to the origin of the paired metamorphism in arc-trench area. 

4) Large scale fold patterns are of upward diverging vergence, like of mushroom 
folds. ‘This suggests that they are formed by collisional tectonics, not by oneway slicing. 

Miura Fold Belt grown up from the Miocence Miura Basin, and the development is 
summarized as follows: 

1) Sediments are mostly volcaniclastics derived from the outer oceanic side not from 
the inner continental side. ‘They are deposited on the right laterally slipped area along 
the plate boundary between the Asian and Philippine Sea Plates. 

2) The fault systems indicate that they were formed by lateral slip and compressive 
stress in the basin. 
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The Honshu Geosyncline of middle Paleozoic to early Mesozoic age suffered a strong 
diastrophism in late Permian to early Triassic as shown by many stratigraphic breaks in the 
Maizuru and other Belts of Southwest Japan. This geosyncline survived through the 
Triassic Period in the Tamba and other Belts. The Tamba Belt had many troughs, sub- 
marine volcanism and also some tectonic lands. Abundant detrital materials had been 
supplied from both northern uplifting land, and southern tectonic lands. Detailed nature 
of sediments and their facies distribution and paleogeography of the middle to late Triassic 
Period are discussed. 


1. Introduction 


The Honshu Geosyncline (middle Paleozoic to early Mesozoic) of Japan is represented 
by extensive distribution of thick formations in the southwest Japan. In its upper forma- 
tions, two distinct facies have been noticed, namely calcareous facies and non-calcareous 
facies of the same age. The former facies is typically exposed as the Akiyoshi and other 
plateaus in the inner side of the southwest Japan, where the formations are composed of 
several hundred meter thick limestone sequence (Fig. 1) of middle Carboniferous to middle 
Permian age. ‘These limestone facies have been shown to be a reef complex constructed on 
the top of seamounts of early Carboniferous (Ora, 1968; Oxmmura, 1975). On the other 
hand, the latter non-calcareous facies is distributed in a wider area than these limestone reefs. 
The non-calcareous facies is composed of thick clastic rocks, bedded cherts and submarine 
volcanics with rare limestone lentiles. This facies is several thousand meters in thickness, 
and represents a region of deeper water depth and rather rapid subsidence than the lime- 
stone facies of the same age. The limestone areas were buried by clastic rocks in the late 
Permian, and then changed to positive areas in the Triassic Period. Together with these 
areas, the wide region of the Chugoku and the Hida Belts were uplifted in the Triassic. 
At the same time, some regions continued to subside in the Triassic, namely, the Tamba 
Belt, the Ryoke Belt and others. 

The Tamba Belt has many exposures of Permian and Triassic formations character- 
istic to eugeosyncline. The writers and their colleagues (TamBA Bett REsEARCH GROUP) 
studied this Belt around Kyoto, with the purpose of clarifying its stratigraphy, sedimen- 
tary characteristics, and geologic structures. They also planned to reconstruct the 
paleogeography of this Belt and adjacent regions in the Permian and the ‘Triassic Periods. 
In the following, several features of eugeosynclinal facies of the Belt are described, and 


tectonic status and paleogeography are mentioned. 


337 


338 D. Sumizu et al. 


@ Reef Limestone of Permo- 
Carboniferous in the 
Honshu Geosyncline 


KTZ : Kurosegawa Tectonic Zone 


Fig. 1. Index map. 


Fig. 2. Distribution of the Triassic coarser clastic 
rocks (dotted area) and paleocurrent direction 
(arrows) in the Tamba Belt at the northern hills 
of Kyoto City (Complied from data of Tampa 
Bett Res. Group, 1971; and Musasuino and 
NaKAmura, 1976). 


2. Geosynclinal Formations of the Tamba Belt 


Paleozoic and Mesozoic formations of the Tamba Belt are composed of clastic rocks, 
bedded cherts and submarine volcanics (so-called Schalstein) with small lentiles of lime- 
stone. ‘The geological age of the Tamba Group is determined by fusuline and conodont 
fossils as middle Carboniferous to late Triassic. 

Clastic rocks. Clastic rocks are slate-shale, sandstone and rare conglomerate, and 
they show sometimes turbidite sequences. Sandstone is contained in the upper and mid- 
dle formations of the Tamba Group (Sakacucut, 1961), The rock is generally poorly 
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Fig. 3. Distribution diagram of long axis directions of sand 
grains, sandstone bed of the Tamba Group, at the 
northern hills of Kyoto City (MusAsuino and NaKAmurRA, 
1976). Arrow indicates paleocurrent direction deter- 
mined from sole marking of the same bed. 


cataclastic R. 


Fig. 4. Rock species of pebbles of a conglomerate of the 
Tamba Group, in the northern hills of Kyoto City. 1489 
pebbles are examined. (Musasnino and NAKAmouRA, 


1976). 


sorted and the grains are angular with many lithic fragments. The lithology corresponds 
to greywacke. ‘The strata of sandstone occasionally show typical turbidite sequence, having 
grading, cross- and parallel laminations, and accompany pelitic layers on the top of the 
beds. Sole markings are sometimes observed in the turbidite sequences. Many kinds of 
flute cast and load cast are found. ‘The flute casts show paleocurrent direction from 
South-SSE to North-NNW (Tampa Bett Res. Group, 1971, 1974; Musasuino and 
Nakamura, 1976) (Fig. 2). Grain orientation of sand in turbidite layers shows the same 
direction as that of sole markings (Fig. 3). 

A few conglomerate beds are intercalated in sandstone and shale formations of the 
upper to middle part of the Group. ‘They are usually so-called muddy conglomerate and 
poorly sorted. The size of pebbles varies from cobble to granule. Statistic analysis of 
lithology of pebbles shows that clastic sedimentary rocks are most common, and chert 
pebbles are rather rare (Fig. 4). The point to be noted is abundance of acidic volcanics 
and pyrocilastics. They are rhyolitic and dacitic rocks and tuffites, and welded structures is 
frequently observed. Granitic rocks are also included. ‘These facts indicate an intensive 
acidic igneous activity on a vast land area prior to the eugeosynclinal stage to the south of 
the Tamba Belt (Sumizu ¢¢ al., 1974). Orthoquartzitic pebbles are found in conglomerate, 
and can be correlated to the Precambrian rocks of Asian continent (may be southern 
extension of the continent). The materials of the beds including conglomerate were sup- 
plied from the south and/or southeast judging from the sole markings which are the same 
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as those of sandstone beds. From these sedimentary features of clastic rocks, the existence 
of some uplifting land masses of various rocks is estimated to the south of the Tamba Belt. 
These land masses may have existed as tectonic land in the eugeosynclinal basin during 
the Permian to late Triassic Period. 

Chert. There are three types of cherts, namely bedded, massive and nodular, in the 
Belt. Among them, bedded cherts are most predominant. Bedded cherts are the type 
showing rhythmical alternation of siliceous layers a few to 10 cm in thickness and thin 
clay films. Etching procedure by dilute HF solution is very convenient for the observation 
of siliceous layers. By examination using this procedure, the following characteristics 
have been clarified. 

Siliceous layers are mainly composed of organic remnants, such as radiolarian tests 
and sponge spicules, and frequently include conodont fossils. Some kinds of sedimentary 
structures, namely grading, parallel and cross laminations, cut and fill structure and 
orderly arrangements of sponge spicules or radiolarian spines are observed (IMoro and 
Sarro, 1973; Imoro and Fuxuromt, 1975). An example showing the relationship between 
the current direction obtained from cross-lamination and orderly arrangement of sponge 
spicules is cited in Fig. 5 (TAmBA Bett Res. Group, 1974). Also a sole marking concluded 
to be a flow mark was discovered at the central part of the Tamba Belt. Figure 6 shows 
a sketch of surface cut along the flow direction (Imoro et al., 1974). 

The above-mentioned sedimentary structures clearly show that organic remnants 
composing the siliceous layers of bedded cherts have been deposited under the influence 
of current including the siliceous turbidity currents (NisBET and Price, 1974; ImMoro and 


Fig. 5. Preferred orientation of sponge spicules on a lamina- 
tion of chert layer (measured 122 spicules). Arrow indi- 
cates paleocurrent direction assumed from cross lamina- 
tion in chert layer. (TAmBA BELT Res. Group, 1974). 


Fig. 6. Longitudinal cross cut section of sole marks 
(flute mould) of bedded chert layers in the Tamba 
Belt. Arrows indicate paleocurrent direction 
determined by sole markings, and show fine 
coinsidence between sole markings and_ cross 
laminations in the layer (Imoro et al., 1974). 
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Fuxutomr, 1975). The mode of occurrences and the sedimentary structures of the bedded 
cherts clearly differ from them of radiolarian oozes of the present ocean bottom (ImoTo 
and Fuxutomti, 1975). hi, 

Submarine volcanism. Greenstone formations of the Tamba Group were studied by 
Oxaicui and others (1975). Their observation clarified that the so-called ‘“Schalstein” 
beds are accumulation of basaltic lavas and pyroclastics. The occurrences and charac- 
teristics of thick green stone formations of the Tamba Group are as follows. The forma- 
tions are divided into many pillow lava layers. Each pillow lava layers has thickness of 
15-30 m, and is composed of several parts, namely, massive lava part, pillow lava part, 
hyaloclastite part and associated pelitic layers in ascending order. In the pillow lava 
part, the size of pillow blocks becomes gradually smaller from the lower part to the upper 
part. ‘Two thick greenstone formations are extensively distributed in the Tamba Belt. 
They are called the lower f-formation and the upper h-formation (Tamsa BELT Res. Group, 
1971, 1974). Oxarcur and others (1975) discriminated the two formations by the differ- 
ence in their minerals and occurrences. The lower f-formation contains small limestone 
lentiles. On the other hand, the upper h-formation has manganese and silica ores in 
common but no limestone lentiles. The h-formation is associated with a bedded chert 
formation in the upper horizon at each exposures. The horizons and ages of two forma- 
tions are determined by fossils. The lower f-formation is early to middle Permian in age, 
judging from many fusuline fossils contained in the limestone lentiles (Tampa BELT Res. 
Group, 1974). The upper h-formation is estimated as early to middle Triassic by 
conodont fossils found in or near the horizons of the formation. ‘The two formations can 
also be discriminated by composition and optics of minerals (Oxarcur et al., 1975). 

The submarine volcanic activity of the Permian and Triassic Periods in the Tamba 
Belt has some centers of eruption. They were estimated by the change in thickness and 
composition of pillow lava sequences. The thickness of formation gradually diminishes 
from several hundreds of meters or one thousand meters to several tens of meters within 
a distance of several or 10km. ‘The site of submarine volcanism seems to show some 
linear arrangement along the direction of the Maizuru Belt, and also in another direction 
oblique to the former direction (Fig. 7). They may correspond to some lineaments in 
the eugeosynclinal through in the Belt. Sites of volcanic eruptions might shift in the ages 
of the Permian and the Triassic Periods. 


3.  Paleogeography 


Facies distribution. The Tamba Belt was an eugeosynclinal basin throughout the 
Triassic Periods. As shown in Fig. 7, sediments of the middle to late Triassic Period of 
this Belt are distributed in a characteristic east-west trend. In the northern region of 
the Belt, coarser clastic beds (sand-shale alternation with turbidite sequences) extend along 
the border of the Maizuru Belt and in a more eastern region. Yosuipa (1977) estimated 
that they were supplied from the north by turbidity currents. They originated on or near 
the shelf of the Maizuru Belt and carried into the Tamba Belt, forming sedimentary prism 
at the foot of the shelf. The coarser clastic materials of the region diminish southwards in 
size and amount and gradually change into shale facies associated with abundant cherts. 
The more southern middle region of the Belt is a chert-shale facies region of the same time. 
These beds intercalate with some dolomitic layers in the chert beds. 

In the southern part of the Tamba Belt, coarser clastic facies occupy dominantly two 
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Fig. 7. Paleogeography and facies distribution of the Maizuru and the 
Tamba Belts in the middle to late Triassic Period. 


areas, namely, the northern hills and the western hills of Kyoto City. In the northern 
hills, thick beds of sandstone and shale form a synclinal structure of NW-SE trend (Fig. 2, 
Tampa Bett Res. Group, 1971). Turbidite sequences in these beds have many sedimen- 
tary structures described in the previous section, and show distinct paleocurrent direction 
of SE to NW and/or south to north as shown in Fig. 2. The thickness of formation is 
variable, that is, the formation is thickest in the axial part of the syncline and gradually 
diminishes in thickness to lateral wing part of the syncline. The variation of the thickness 
may represent the original difference of sedimentation rate or subsidence rate at the time 
of sedimentation. 

In contrast to the coarser clastic formations, slate and chert facies of the Triassic age 
is widely distributed in the north-western hills of Kyoto, where the Triassic formations 
are represented by alternation of slate and bedded chert beds and sometimes intercalate 
thin limestone layers. This region must be a rather distal area of clastic materials and 
an area with less subsidence in the middle to late Triassic Period. It is to be noted that 
in some case these two facies divided by areas of greenstone of the same age. Submarine 
volcanism of basaltic lava formed seamounts topography and might have restricted supply 
of coarser clastic materials in this region. ‘The older Permian seamount might also have 


retained their topography in the Triassic time. The areal arrangement of facies is shown 
invPig.! 7. 
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Fig. 8. Tectonic evolution of the Tamba Belt and adjacent regions in the late Paleozoic and 
Mesozoic Era (Tampa Bett Res. Group, 1975) 


The Maizuru Belt and the Tamba Belt. The Maizuru Belt was a typical field of the 
Honshu Orogenic Movement in the late Permian to Triassic Periods. As described by 
NaAKazAwa (1958), this Belt formed a shelf area during the Triassic Period, and accumu- 
lated thick neritic sediments, namely, the Yakuno Group of early to middle Triassic age, 
and the Arakura formation and the Nabae Group of the late Triassic Period (Fig. 8). 
These formations and Groups are divided by numerous unconformities. Stratigraphic 
evidence shows that repeated transgression and regression of this neritic sea covered a wide 
area of the Maizuru and the Chugoku Belt. 

In the entire Permian and the Triassic Periods, the Tamba Belt persisted as an eugeo- 
synclinal basin. In the Tamba Group, the lower to middle Permian and the middle to 
upper Triassic horizons are clearly recognized by many fossils. On the other hand, upper 
Permian and lower Triassic fossils are scarecely found in the Belt (NAKAzAwa and SHIMIZU, 
1955). But no stratigraphic break is found in the Tamba Group. This Belt continued 
to subside in the Honshu Geosyncline throughout the Triassic Periods (Fig. 8). 

Triassic sedimentary facies show some contrasts between various Belts, that is neritic 
shallow sea facies in the Maizuru and the Chugoku Belts and typically eugeosynclinal 
facies in the Tamba Belt. Triassic clastic materials supplied from both the uplifting 
northern land, and the southern tectonic lands (probably islands) and filled the eugeosyn- 
clinal trough of the Tamba Belt. Areal arrangement of lands and basins and sedimentary 
facies are shown in Fig. 7. 

Paleogeographic reconstruction. The trend of paleogeography and submarine topography 
is parallel or subparallel with the main direction of the Honshu Geosyncline. ‘They may 
have originated in the basement structure of the geosynclinal trough. The paleogeograph- 
ic existence of troughs, tectonic lands and submarine volcanics is also estimated in the 
outerside of the southwest Japan. The Kurosegawa tectonic zone of the Chichibu Belt 
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survived as island of tectonic land composed of various ancient rocks in the Permian and 
the Triassic Periods. These tectonic lands supplied abundant materials to the eugeo- 
synclinal trough of the Chichibu Belt (Hapa, 1974). As mentioned above, eugeosyn- 
clinal sea of the Triassic Perjod of the southwest Japan was a system of borderland, shelf, 
troughs (with various rates of subsidence), sea mounts, tectonic lands with tectonic swells, 
and formed biaxial (inner and outer) geosynclinal basin. We have no information as to 
the southern end of the Honshu Geosyncline, but it can be estimated that some land mass 
ancestral to Kuroshio Paleoland existed at the Permian and the Triassic Periods. The 
paleogeography of Permian and Triassic of the southwest Japan thus can be compared 
with that of the topography and tectonic status of the present marginal sea like the north- 
western part of the Philippine Sea. 
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A detailed metamorphic zonal mapping is being in progress on the Sanbagawa meta- 
morphic belt in central Shikoku. The mapping is based upon the distribution of index 
minerals, garnet and biotite in pelitic schists, and on the sliding equilibrium among silicate 
and oxide minerals. ‘The distribution of mineral zones has revealed a peculiar thermal 
structure of the metamorphic complex that the highest-grade rocks occur in the middle of 
apparent stratigraphy. A large scale recumbent fold, with south vergency and extending 
for more than 20 km, is postulated as a possible structural interpretation. 

It is concluded,as the most probable model we could imagine at the moment,that before 
the maximum temperature of metamorphism was reached, the Sanbagawa schists had been 
metamorphosed in more or less normal thermal regime that the temperature had increased 
downwards. Then a large scale recumbent fold took place, separating the higher-grade 
rocks from the heat source and bringing them in between the lower-grade ones. ‘This 
recumbent fold was accompanied by the start of the uplift of the whole metamorphic com- 
plex, while continuing metamorphic reactions with decreasing temperature and pressure. 

The fact that the Sanbagawa belt is overturned suggests that a very distinctive crustal 
shortening took place in the present day Sanbagawa terrain in the Mesozoic time, and that 
the present day distribution of pre-Tertiary geologic units in the outer zone of the south- 
western Japan can hardly be in situ. 


1. Introduction 


The Sanbagawa metamorphic belt is an intermediate high pressure metamorphic 
belt, which extends from the Kanto Mountains, northwest of Tokyo, to eastern Kyushu 
for about 800 km. The basic scheme of the petrology of the belt has been established 
until mid 1960’s, through the works of Sexi (1958), Mryasuiro and Banno (1958), Mrya- 
sHiro (1961), Iwasaki (1963), Banno (1964), Kanenrra (1967), Ernst et al. (1970) and 
others. In the last several years, we have been engaged in the petrological works on the 
Sanbagawa schists in central Shikoku, where, thanks to steep topography, we enjoy good 
exposure of bedrock geology. Our main concern has been the phase petrology of this 
typical intermediate high pressure metamorphic terrain, and the basic scheme obtained 
before 1970 has been re-examined by extensive use of electron-probe microanalysis of 
rock-forming minerals. We feel it still, but probably always, premature to depart from 
petrology and discuss its geological implications, but we intend to summarize our present 
view herein, if only to reveal the problems lying ahead of us. 
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After a brief review of the geology and petrology of the Sanbagawa belt in central 
Shikoku, a tentative scheme of the thermal structure, by which, following MryAsHiro 
(1961), we mean the distribution of metamorphic temperature in the present day meta- 


morphic complex, will be presented. 


2. Outline of Geology 

In central Shikoku, the Sanbagawa belt is about 40 km wide. The northern border 
of the belt is the Median Line, by which the schists terrain is separated from the Cretaceous 
Izumi group. To the south, the Sanbagawa belt is separated from the Chichibu belt, 
which is composed of Carboniferous to Triassic formations (as to the Triassic refer to 
Martsupa, 1978), by the green rock complex customarily called the “Mikabu complex” 
or by the faults chosen to fit the tastes of individual authors. The boundary to the Chichi- 
bu terrain is in any case not clearly defined. No distinctive break has been recognized 
in mineral facies of the two belts, and in many places, no break in the degree of the devel- 
opment of schistosity as well. 

The geology of the Sanbagawa belt is best summarized in Hara ef al. (1977) and 
that of the Chichibu belt in Taxepa et al. (1977). The Chichibu terrain, especially its 
northern part, suffered the Sanbagawa metamorphism. ‘The notion that the Chichibu 
terrain is a ‘“‘prehnite-pumpellyite facies terrain’? adopted in ‘‘Metamorphic facies map 
of Japan” by Hasuimoto et al. (1970), who include one of the present authors (S.B.), 
probably has to be modified. However, in this paper we will concentrate on the Sanba- 
gawa belt, and treat the Chichibu belt as its lower-grade areas. 

Figures | and 2 are lithologic and mineral zone maps of the Sanbagawa belt in central 
Shikoku. The predominant rock-types of the Sanbagawa belt are pelitic, psammitic and 
basic schists. 

Based upon the mapping of marker beds and analysis of structural elements, a large 
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Fig. 1. Geological sketch map of the Sanbagawa belt in central Shikoku. 
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scale recumbent anticline with south vergency has been proposed by many authors (Hig, 
1954; Hupe et al., 1956; Kawacut, 1968; Ernst e¢ al., 1970; Hara et al., 1977), but the 
location and significance of the axial plane, recumbent syncline and thrust faults are 
still in dispute. We have also proposed a recumbent fold based upon the zonal mapping 
(Kurata and Banno, 1974; HicasHino, 1975), but the location of the anticline is a 
little different from the other proposals. After the metamorphic facies is reviewed, we 
will present our view on the structure of the Sanbagawa belt. 


3. Metamorphic Zonation 


We have succeeded to define five isograds in the Sanbagawa terrain in central Shikoku. 
They are as follows in the ascending order of metamorphic grade. 

1) Disappearance of pumpellyite associated with epidote, chlorite and actinolite 
in basic schists (NAKAJIMA ef al., 1977). 

2) Appearance of garnet associated with chlorite in pelitic schists (KuRATA and 
Banno, 1974; Hicasuino, 1975). 

3) Disappearance of glaucophane (crossite) associated with hematite, epidote and 
chlorite and the formation of FegO3-rich subcalcic hornblende (barroisite) in basic schists 
(Otsuki and Banno, in preparation). 

4) Disappearance of actinolite associated with epidote and chlorite in FegO3-poor 
basic schists (Otsuxk1, 1977). 

5) Appearance of biotite associated with chlorite, phengite and garnet in pelitic 
schists (KURATA and Banno, 1974; Hicasuino, 1975, cf. Fig. 3). 

This is the area where isograd mapping of BANNo (1964) and Ernst et al. (1970) 
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Fig. 2. Mineral zones of the Sanbagawa belt in central Shikoku. The mark ‘‘b” denotes 
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was performed. Although essential scheme in their papers is underwritten by recent 
works, a few important points have to be corrected. First, Banno’s zone E, as the zone 
of sodic oligoclase should be abandoned because later detailed works have revealed that 
plagioclase is not sodic oligoclase, but albite (ERNsr ef al., 1970; BANNo ef al., 1976). 
The pumpellyite-disappearance line should be located on the higher temperature side 
than postulated by Banno, and Ernst e¢ al., to conform with the observation made by 
Hiwe (1973). This reduces the areas of their zone B and zone I, respectively. The 
chemical reactions to difine the isograds are described in the papers quoted for individual 
isograds. 

All the isograds mentioned above are based upon continuous reactions, and hence 
cannot be mapped only upon the distribution of index minerals. The pelitic schists are 
fairly isochemical and hence the garnet (2) and biotite (5) isograds, especially the latter, 
are reliable (BANNo, 1977). An example of the accuracy of locating these isograds may 
be inspected in Fig. 3, which shows the distribution of mineral assemblages of the pelitic 
schists in the southeastern part of Figs. 1 and 2. The mineral zone map in Fig. 2 is mainly 
based upon the paragenesis in the pelitic schists primarily because they are the most 
predominant rock-types. Other isograds are based upon the paragenesis in basic schists, 
but because of the facts that the basic schists are common but their distribution is not 
uniform as well as that they are far from being isochemical, we need laborious chemical 
works to define them. The disappearance line of pumpellyite (3) is thus shown only in 
the areas where detailed petrographic works have been done. The isograd (4) is not 
hard to locate, because hematite + alkali amphibole, and hematite + subcalcic horn- 
blende assemblages are easily distinguished from each other, but it is not very useful in 
mapping as it is located in the garnet zone, which is rather narrow. ‘The actinolite dis- 
appearance line (4) also seems to be in the garnet zone. 
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The mapped area includes the Bessi area of BANNo (1964), and the major difference 
between his and present results lies in the rejection of his zone E and the question of the 
evaluation of the sporadic occurrence of biotite in the northern part of the Bessi area, i.e., 
whether or not his zone D or biotite zone is as wide as has been postulated by him. The 
latter question is not yet solved and must await further chemical works on solid solution 
minerals. The following gives an approximate correlation of metamorphic zones pro- 
posed in the past and the present works: 


Banno (1964) Ernst et al. (1970) This paper 

zone A lower chlorite zone, pumpellyite- 
actinolite zone 

zone B zone I higher chlorite zone, above pum- 
pellyite diappearance line 

zone C zone II garnet zone 

zone D zone III biotite zone, lower-grade 

zone E biotite zone, higher-grade 


As seen in Fig. 2, a vast area is assigned to the chlorite zone, and its subdivision is 
urgent. ‘The pumpellyite disappearance line serves to this purpose to some extent. The 
work in progress by one of us, Itaya, has revealed that the basal spacing d(002) of graphitic 
materials becomes shorter with the grade, with rapid change of its value from 3.6 to 3.5 A 
within the pumpellyite-actinolite zone defined for basic schists, thereby demonstrating 
the possibility of subdividing the chlorite zone by this empirical, in the sense that it is 
reaction rate controlled, parameter. 


4. Thermometry by Continuous Reaction 


The zonal mapping based upon the mineral assemblages does not speak, by defini- 
tion, the temperature difference within individual zones. Sliding equilibrium of con- 
tinuous reactions makes it possible to treat the temperature not only as a discontinuous 
quantity, being measured only at the isograds, but also as a continuous quantity, being 
measured at any place if only rocks with suitable bulk compositions are exposed. The 
main difficulty of using sliding equilibrium as a thermometer lies not only on the laborious 
works required to analyze coexisting minerals in fine-grained rocks, but also on the chemi- 
cal heterogeneity of minerals and limitted range of equilibrium domains. The chemical 
heterogeneity of the minerals of the Sanbagawa schists and its genesis has been discussed 
by many authors: BANnNno (1965), BANNo and Kurata (1972) and Hicasuino (1975) on 
garnet; Kurata (1972) on chlorite; Torrumi (1972) and Nakajima ¢¢ al. (1977) on epi- 
dote; Torrumi (1975), Iwasaki (1975), WaTanase (1977), and Otsuki and Banno (in 
preparation) on amphiboles; Itaya and Banno (in preparation) and Itaya and Otsuki 
(in preparation) on opaque minerals. The heterogeneity of some minerals (zoned garnet, 
epidote) is due to the remnant of equilibrium state preceding the maximum temperature of 
metamorphism, but some others (chlorite, amphibole, ilmenite) mainly represent the 
equilibration continued after the maximum temperature. Nakajima ¢¢ al. (1977) have 
considered that the heterogeneity of epidote in the pumpellyite-actinolite zone corresponds 
to the temperature fluctuation of about 40°C. When the heterogeneity is represented by 
regular zonal structure, as in garnet and amphibole, it is possible to eliminate the effect of 
earlier or later stage recrystallization to some extent and restore the equilibrium state at 
the time of the maximum temperature. 
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The sliding equilibria we can use in distinguishing the relative temperature of 
metamorphism within mineral zones are as follows: 

1) The assemblage albite + quartz + clinozoisite + phengite + garnet + chlorite 
+ biotite -- hornblende is common in a higher-grade part of the biotite zone. It is a 
divaraint assemblage (BANNo, 1977) and for a small area such as central Shikoku, the 
pressure of metamorphism may not differ much and hence the relative temperature can 
be measured by the composition of one of the constituents. The Mg/(Mg+Fe?*) ratio 
of chlorite is sensitive to temperature and easy to handle, and then the thermal axis in the 
biotite is estimated by this parameter. 

2) The Fe2+—Mg and Mn—Fe?+ partitionings between garnet and chlorite are 
also temperature sensitive. They can be used to confirm the relative temperature in the 
biotite and garnet zones (KURATA and Banno, 1974; Hicasuino, 1975). 

3) The composition of amphibole in the assemblage amphibole + albite + quartz +- 
hematite ++ chlorite + phengite, is trivariant. In the garnet and biotite zones (defined 
for pelitic schists), amphibole with this assemblage is subcalcic hornblende and in the 
garnet zone, subcalcic amphibole and alkali amphibole coexist defining a divariant 
assemblage. 

Otsuki and Banno (in preparation) have concluded that the AlgO3 content (corrected 
for excess components) in calcic and subcalcic amphibole in the trivariant assemblage is 
a sensitive parameter of relative temperature, being able to distinguish the lower- and 
higher-grade parts of the biotite zone by the sliding equilibria in the basic schists. ‘Thus, 
the subdivision of the biotite zone into lower- and higher-grades was supported by the 
mineralogy of both the pelitic and basic schists. 

The composition of alkali amphibole associated with the assemblage in question is 
also sensitive to the temperature. Hosotani and Banno (in preparation) have shown 
that chlorite zone, including a higher-temperature part of the pumpellyite-actinolite zone, 
can be distinguished into three based upon the alkali amphibole coexisting with hematite. 

4) The assemblage quartz + albite + phengite + epidote + chlorite + actinolite 
-++ pumpellyite is common in basic schists of a lower-grade part of the chlorite zone, which 
is referred as the pumpellyite-actinolite zone herein. ‘The assemblage is trivariant, and 
hence by fixing the Fe?+/(Fe?++Mg) ratio of chlorite, this assemblage becomes divariant 
and serves as a thermometer. Naxayima et al. (1977) and the work of Nakajima being in 
progress have shown that Fe3+/(Fe+--Al) ratios of epidote and associated pumpellyite 
are good thermometers by which we can distinguish two or three areas of different grade 
within the pumpellyite-actinolite zone. 

The mapping based upon the sliding equilibrium has been done only on some selected 
areas. The mineralogy of garnet, chlorite and biotite in pelitic schists has been most 
extensively studied in the Shiragayama and Sazare areas, southeast of the mapped area, 
the pumpellyite decomposition reaction in the Shiragayama and Shirataki areas, and the 
amphibole mineralogy in the Shiragayama and Bessi areas. The graphite mineralogy 


is being nearly completed in the Shiragayama area and is in progress in the Bessi and other 
areas. 


5. Thermal Structure 


The thermal structure of the Sanbagawa belt in central Shikoku is best understood 
along the section to pass the Saruta river in the Sazare area and the Asemi river in the 
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Fig. 4. Mineral paragenesis in some selected area. The paragenesis and the 
chemistry of solid solution minerals are plotted on lines parallel to the 
major routes shown in Fig. 2. A-A’, Asemi river; B-B’, Saruta river; 
C-C’, Dozan river (Bessi area). 


Shiragayama area, where we have been concentrating petrographic works. Figure 4 
summarizes the paragenesis and mineralogy of the schists along this section, along with 
that of the Bessi (Dozan river route) area. Figure 5 are cross sections along this route. 
In addition to the data on the surface exposures summarized in Fig. 4, the data on the 
drill cores of S-2 deep drilling of the MinERAL ExpLORATION Corp. (1969), which pene- 
trated 2,000 m from the Ojoin formation to the middle member of the Minawa formation, 
are used to construct the diagram. ‘The most important feature of the thermal structure 
of this area is that the maximum temperature or thermal axis lies in the middle of the 
apparent stratigraphy, from which the metamorphic grade decreases both up- and down- 
wards. Further, using the sliding equilibrium, we have confirmed that this trend is real 
even in individual mineral zones. Thus, at least from the high-grade part of the pumpel- 
lyite-actinolite zone to the highest-grade of the Sanbagawa belt so far known, the biotite 
zone, the temperature changes gradually. The accuracy of distinguishing the metamor- 
phic temperature differs for different equilibria. The alkali amphibole composition in 
hematite-epidote-alkali amphibole (and some other excess phases) assemblage is the most 
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Fig. 5. North-south cross sections of the Sanbagawa belt. A-A’, Saruta-Asemi rivers 
section; B-B’, Bessi section passing through Mt. Higashi-Akaishi. 


temperature sensitive in our experience, being able to distinguish the temperature differ- 
ence of two localities, being 100 m apart normal to the isotherm, if only basic schists with 
appropriate bulk compositions are exposed. It is possible, or rather probable that later 
deformation of the schists as represented by isoclinal folds and thrust faults (HARA et al., 
1977; Kawacut, 1968) disturbed monotonous temperature gradient, but the scale of 
such a disturbance is smaller than the accuracy of detecting the temperature difference by 
sliding equilibrium. From the thermal axis, the temperature of metamorphism de- 
creases monotonously downwards, but we have as yet not detected its another reversal, i.e., 
temperature trough or syncline, in the study area. We expect that if the trough exists it 
should be in the pumpellyite-actinolite zone, or in terms of lithological classification, in the 
Koboke or Kawaguchi formations on the following reasons. First, it is obvious that the 
trend we have established cannot be extrapolated to much depth. Second, the thermal 
structure within this zone awaits much of future study and we still do not know its details, 
but if the thermal trough exists, the fact that a vast area is undelain by nearly isothermal 
rocks can be explained. 


6. Discussion 


6.1 Thermal structure 

The question then arises is what is the heat source of the overturned temperature 
distribution. If the present day structure retains largely that at the time of metamorphic 
recrystallization, we need heat sources in the middle of the biotite zone. Spontaneous 
heat flow within the crust of the earth cannot explain the thermal axis in the middle of the 
pile of sedimentary sequence. Taxasu (1978) has insisted that the complex of the epidote 
amphibolite, being the metamorphosed layered gabbro, is the heat source, but the meta- 
gabbro had passed the granulite facies metamorphism before they suffered the Sanbagawa 
metamorphism (Yokoyama and Mort, 1975; Yokoyama, 1976; Bawnno e¢¢ al., 1976), and 
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hence it could have not been in molten state at the time of its intrusion into the Sanbagawa 
schists. The same argument applies to the idea of Yosumpa (1977), who has insisted that 
the dunite, which is associated with metagabbro, intruded the Sanbagawa schists in the 
state of crystal mush. However, it still is possible that the metagabbro-dunite complex 
intruded the Sanbagawa schists retained the granulite facies temperature and gave some 
thermal effects to the neighbouring low-grade schists. Even though we did not perform 
the heat balance calculation, as we did not think it necessary, it is hard to believe that the 
metagabbro-dunite complex that forms large masses only in the Bessi area, northwest of 
the study area, and only a few small masses of metagabbro have been recognized in the 
southeastern part. In the drill hole, S-2, metagabbro measures only 30 m thick and in 
the Asemi valley, where the biotite zone is about 500 m thick, a few small masses again 
measuring less than 30 m thick are exposed, but not on the river bed and bank of the 
Asemi river itself. Their quantity is so small to ascribe the thermal high to their heat 
effect. 

If the overturned thermal structure in central Shikoku cannot be ascribed to the in- 
trusion of the heat sources, its explanation has to be sought in the deformation history. 
The only idea we could think of is a large scale recumbent fold, probably related to nappe 
formation, in which the high-grade rocks occupy the axial part. This explanation assumes 
that at the stage of the majo rmetamorphic recrystallization, the metamorphic temperature 
increased downwards, as normally expected for metamorphic complex, and later deforma- 
tion, the recumbent fold, brought the higher-grade rocks in between the lower-grade ones. 
As the phase study alone cannot determine the vergency of such a fold, we follow Kawacui 
(1968) and Hara et al. (1977) among others, who concluded that vergency is southwards. 
The cross sections in Fig. 5 are drawn on this view. We postulate that the axis of the recum- 
bent anticline is in the biotite zone, and that of the syncline, which is not yet confirmed, 
in the pumpellyite-actinolite zone. This interpretation is not consistent, to confess the 
truth, with those based upon structural analysis, which postulates the recumbent axis in 
the overlying garnet zone and the syncline axis somewhere around the garnet zone (KAwa- 
cui, 1968; Hara et al., 1977). Our view is based upon the fact that no significant break 
in metamorphic grade, expected by the geological conclusions, has been detected in the 
Saruta and Asemi river sections. Far more complicated models may explain the dis- 
crepancy, but as yet not concretely proposed. Among the models to be seriously con- 
sidered are plural deformations, and the recumbent fold of the metamorphic complex 
originally metamorphosed in the overturned thermal regime. ‘The latter model assumes 
that the higher-grade rocks, having been located on the hanging wall side of the lower- 
grade ones, were brought in between the latters. We will not discuss this model simply 
because we are not ready to do so. 


6.2 Retrograde metamorphism 

Detailed petrographic works on the constituent minerals of the Sanbagawa schists 
have revealed that the retrograde metamorphism affected the Sanbagawa schists more 
seriously than hitherto considered. Although we are not ready to fully discuss the status 
of the retrograde metamorphism, the data at hand suggest that it was accompanied by 
the decrease of pressure. This is most clearly demonstrated in the replacement of garnet 
by chlorite and by biotite in particular and the formation of actinolite around the prograde 
hornblende in hematite-bearing basic schists (Otsuki and Banno, in preparation). In 
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the latter case, if the retrograde recrystallization took place at the same pressure as the 
prograde one, we expect crossite around the hornblende. 

At the time of the regional recumbent fold, the higher-grade rocks were separated 
from the heat source and started to cool down. We therefore consider that the retrograde 
metamorphism started at the time of the recumbent fold. It follows that the recumbent 
fold was accompanied by the pressure decrease or uplift of the metamorphic complex, by 
which the complex was still sufficiently hot to keep the metamorphic reaction going with 
decreasing temperature and pressure. A tentative scheme of the time sequence of the 
Sanbagawa metamorphism is illustrated in Fig. 6. 


6.3 Implication to the geology of the southwestern Japan 

We have concluded that the overturned thermal structure in central Shikoku was 
formed by the deformation that took place after the maximum temperature was reached. 
Often quoted generalized pictures of the Sanbagawa belt that the higher-grade rocks 
occur at structurally higher positions, or that the grade of metamorphism increases north- 
wards, or towards the Median Line, are not unreasonable, but are secondary features 
that do no offer direct support to the idea that the metamorphism took place in overturned 
thermal regime expected in the subduction zone. Such an idea may be true for some 
other metamorphic terrains, namely the Franciscan, or may ultimately be proven valid 
even for the Sanbagawa schists, but it does not lie on the logical extension of our present 
understanding of the thermal structure of the Sanbagawa belt. 
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In central Shikoku, the overturned structure can be traced for more than 20 km from 
north to south, or parallel to the vergency. It follows that the major part of the Sanbagawa 
terrain in central Shikoku, or possibly in whole Shikoku island, is overturned. As is seen 
in Fig. 5, the root zone of the metamorphic complex should have been located on the north 
of the present day Median Line. Therefore, a vast area between the Ryoke and Sanba- 
gawa belt was lost by Mesozoic tectonic movements. The present day geographical re- 
lations between the Ryoke and Sanbagawa metamorphic belts could hardly be the essen- 
tially in situ relations. 

As to the Chichibu terrain on the south of the Sanbagawa belt, we are as yet not 
succeeded in metamorphic zonal mapping. However, this terrain, or at least a part of 
it, is the lower-grade equivalent of the Sanbagawa metamorphic belt. Therefore, there 
is few reason to deny to extend the essential scheme of the structures of the Sanbagawa 
belt, i.e., strong lateral movement, to the Chichibu belt. Most probably, the whole ter- 
rains from the Median Line to the Kurosegawa zone suffered strong deformation resulting 
in the north-south crustal shortening, and we are observing a very much telescoped 
geology in the outer zone of the southwestern Japan. 
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The late Mesozoic to early Neogene geosyncline in the Outer zone of Southwest Japan 
has been studied in detail in the Kii Peninsula by the Research Group for the Shimanto 
Geosyncline. The existence of the Kuroshio Paleoland to the south of the geosyncline was 
inferred by various sedimentologic evidences. The Shimanto belt in the Kii Peninsula is 
divided from north to south into three zones of Cretaceous, Eocene and Oligocene to lower 
Miocene. In these belts thick geosynclinal sediments were accumulated showing coarsen- 
ing upward. The southward migration of the basin occurred in Cretaceous/Eocene, 
Eocene/Oligocene, and in early Miocene. In the present paper the reconstruction of 
paleogeography of the Shimanto geosyncline was attempted and the Kuroshio Paleoland 
was discussed in relation to the geohistory of the Philippine Sea. In spite of the detailed 
geologic survey in the Kii Peninsula there is no evidence of large exotic blocks nor tectonic 
mélanges, and this does not support the plate tectonic model of the Pacific-type orogeny for 
the Shimanto belt. 


1. Introduction 


The Shimanto belt was a geosynclinal area throughout the late Mesozoic to early 
Neogene. The Shimanto belt had long been an area of terra incognita because of mono- 
tonous and thick clastic sequences (mostly composed of sandstones and mudstones), com- 
plicated geologic structure, and of being barren of fossils. Geologic mapping of the Shi- 
manto terrain in the Kii Peninsula has been done in the last decade by the Research Group 
for the Shimanto Geosyncline. The existence of a former land mass (Kuroshio Paleoland) 
to the south of the geosyncline was inferred by them in 1970. The Kuroshio Paleoland 
existed up to the early Neogene and was submerged thereafter to an oceanic depth. This 
hypothesis was based mainly on paleotransportation analysis, indicating the supply of 
clastic materials not only from the continental side but also from the Pacific Ocean side. 
It was also inferred from the frequency and size distribution of exotic clasts of orthoquart- 
zite of probably Precambrian age in the Shimanto belt. The present writers describe 
briefly the Shimanto supergroup in the Kii Peninsula and discuss the Kuroshio Paleoland 
and its bearing in the development of the Shimanto geosyncline. ‘The Kuroshio Paleo- 
land must have an important meaning in relation to the geologic development of the 
Philippine Sea and that of the Western Pacific region. 


2. The Shimanto Supergroup in the Ki Peninsula 
The Shimanto belt contacts northward with the Chichibu belt, which consists of 
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middle to upper Paleozoic and Mesozoic strata, along the Butsuzo tectonic line Serltvis 
divided into three zones from north to south, i.e., the Hidakagawa (Cretaceous), the Oto- 
nashigawa (probably Eocene) and the Muro (Oligocene to lower Miocene) groups. 
These were already reported by Harata (1965), Toxuoxa (1967, 1970), Kise SHIMANTO 
Researcu Group (1970, 1975, 1977), HATENAsHt Researcu Group (1975), Suzuki (1975) 
and Tareisut (1978). A generalized geologic map is shown in Fig. 1. 

Hidakagawa group (Kisou Sumanto Researcu Group, 1975, 1977). The Hidaka- 
gawa group attains 12,000 m in thickness and is divided into three formations. Its geo- 
logic age is assigned roughly as Cretaceous (mainly upper Cretaceous). There is little 
fossil evidence in the Kii Peninsula. 

The lower (Nyunokawa) formation,* 2,200 m in thickness, is composed of shales and 
muddy flysch in the lower part, and of normal to sandy flysch and thick-bedded sand- 
stones in the upper part. The Nyunokawa conglomerates of 400 m thick are intercalated 
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Fig. 1. Generalized geologic map of the Shimanto terrain in the Kii Peninsula, South- 
west Japan. The Kumano and the Tanabe groups of the late early to middle 
Miocene overlies unconformably the Shimanto supergroup in the east and west, 


respectively. (The data are mainly based on Kisuu Suimanto ResEARCH Group, 
1975 and 1977.) 


* In Fig. 1, the Yukawa formation in the north is shown as the correlative of the lower formation. 
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Fig. 2. Representative compositions of conglomerates. These con- 
glomerates are thought to have been supplied from the Kuroshio 
Paleoland. 


in the top of the formation. The clasts are pebbles, cobbles and sometimes boulders, con- 
sisting of acidic volcanics (mostly rhyolite), granite, sandstone, chert, etc., among which 
acidic volcanic rocks are most abundant (Fig. 2). 

The middle (Ryujin) formation, 3,000 m in thickness, is characterized by predominant 
shale and muddy flysch, occasionally accompanied with sandy flysch. Greenstones yeilded 
by submarine volcanism and rhyolitic tuffs supplied by subaerial volcanic activity are 
sometimes intercalated in the formation. A large body of greenstone with pillow structures 
is located in the eastern part of the Hidakagawa zone (Suupa et al., 1971). 

The upper (Miyama) formation, 7,000 to 7,500 m thick, is composed of massive 
sandstones and sandy flysch. Several greenstone layers of less than several tens of meters 
are intercalated in shaly parts. ‘These are sometimes accompanied by radiolarian cherts. 

It is somewhat difficult to find sole markings due to severe tectonic deformation. How- 
ever, current markings can be found in the Hidakagawa group. ‘The sediments of the 
lower formation were mostly transported by lateral currents from SE to NW, while those 
of the middle formation by longitudinal currents from E to W. In the upper formation 
lateral currents from N to S are found in addition to eastern longitudinal currents. 

Otonashigawa group (HATENASHI RESEARCH Group, 1975). ‘The Otonashigawa group 
attains to more than 1,600 m in thickness. Its geologic age may be assigned to the Eocene 
although no reliable fossil evidence has been obtained in the Kii Peninsula. The lower 
half is rich in mudstones and muddy flysch, while the upper half is rich in sandstones and 
sandy flysch, comprising a coarsening upward sequence as a whole. In the southern part 
of the belt the Kizekkyo conglomerates, about 100 m in thickness are intercalated in the 
uppermost part of the group. The clasts are of pebble to cobble, sometimes boulder size, 
composed of sandstone, chert, granite, etc. (Fig. 2). Current markings are well developed. 
The longitudinal currents from E to W are dominant in the lower half, while lateral ones 
from S to N, which are accompanied with proximal facies, are found in the upper half of 
the southern part. 

Muro group (Kisnu Suimanto Reszarcu Group, 1975). The Muro group, 7,500 to 
9,000 m thick, is divided into the lower, middle and upper formations. The geologic age 
can be assigned to the Oligocene to early Miocene by molluscan fossils. ‘The lower part 
(1,200 m) is composed mainly of mudstones and muddy flysch, and the middle part (2,500 
to 3,000 m thick) is composed predominantly of sandy flysch and thick-bedded massive 
sandstones intercalated with several conglomerates. The upper part (3,000 to 4,000 m 
thick) consists mainly of mudstones and various types of flysch. Conglomerates with 


360 T. Harara e¢ al. 


Kumano Acid Igneous’ Rocks (14 m.y.) 
=> Tanabe Group & Upper Formation Sandstone, Coal measures (shallow) 
Kumano Group 
=> 3000 m Lower Formation Mudstone, Siltstone (deep) 
o Aa nnn he eee eee eeeeeeeeeeeee5uecews eee ee eeeeeeeSr,reVrVorreeeS50res ee eel 
2 ~ 
= ——— Upper Formation Wild-flysch Due eee <—_ 
Conglomerate | 
: . Sandstone 
Muro Group Middle Formation 
I Sandy-flysch — 
o 7500-9000 m 
is) 
é ii) h 
& Lower Formation BUSI 
eS oa Mudstone (deep) ——— 
3 o 
wee eee S03 eee SE SE O_O OCC CO Seem 
———— eee OO el e__uoe5o eee ee _,_c_k_ ke, _ee_eeeG5_uoe5_e_5aeeee es eeeee_e_5_ Vues eee, 
; Flysch 
Wiggois Wha uENeNe)e Sandstone, Conglomerate (shallow) <— 
Oo 
ie} igawa 2 Sandy-flysch 
v —> Se ake Middle Formation j{,, =e a 
o Group y —— 
8 —s 1600 m+ Lower Formation Mudstone (deep) =—— 
(e3) 
- ; Sandstone, Shale (shallow) 
2) ——> Upper Formation Greenstone, Chert 
i) -_ 
° 
8 Flysch 
© —s Hidakagawa : . Greenstone 
v MiGdte FOrMetlON. chales acidic: tate (deep). ——— 
4 Group 
16) 
12000 m < Sandstone, Conglomerate (shallow) 
; Lower Formation Puech ‘ 
Shale (deep) 
—e——onr ee eeereeeeeeeeeeeeeereeeeee_e_5oen5eV5oeeeeeeee lll lll lle eee eee ee 
Pre-Shimanto Basement Rocks 
(NORTH) ( SOUTH) 


Fig. 3. Schematic illustration of the development of the Shimanto geosyncline in the Kii 
Peninsula. Arrow indicates a direction of sediment supply. 


sandy matrix, muddy conglomerates and angular-fragment bearing mudstones are inter- 
calated in the upper part. 

The conglomerates with sandy matrix in the middle and upper parts contain abun- 
dant clasts of rhyolite, and subordinate ones of chert, sandstone, granite, and orthoquart- 
zite (Fig. 2). The occurrence of orthoquartzite clasts, which were precisely descri bedby 
Toxuoxka (1970), is limited to the area south of the Uchikoshi anticline in the Muro zone. 
Typical flysch facies are well developed and a number of sole markings are found in the 
Muro group. The paleocurrents in the zone are variable asa whole. However, it is likely 
that the main currents are longitudinal from E to W or from ENE to WSW but lateral 
ones from the north and south are also frequent. There are found channel structures in 
the southern coastal area in the Kii Peninsula. Careful observation of channel walls and 
paleocurrent analyses of the filling sediments by means of sole markings and grain fabrics 
of conglomerates and thick-bedded sandstones led to a conclusion that the channels were 
excavated by south current and filling materials were transported from the same direction 
(Tareisut, 1978). 

The development of the Shimanto geosyncline in the Kii Peninsula is schematically 
shown in Fig. 3. There are several cycles of upward coarsening megasequences in the 
Shimanto supergroup, that is, two cycles in the Hidakagawa group and each one cycle in 
the Otonashigawa and Muro groups respectively. These sequences reflect the change of 
sedimentary environment from deep to shallow, suggesting gradual filling-up of the sedi- 
mentary basins. Furthermore it is likely in the Shimanto belt in the Kii Peninsula that, 
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Fig. 4. Properties of massive and thick-bedded sandstones in the 
Shimanto supergroup in the Kii Peninsula. Q, quartz; F, 
feldspar; RF, rock fragments; M, matrix; Ot, the others ex- 
cept quartz and matrix. 


after filling up the basin of the Hidakagawa belt, the depositional axis migrated south- 
ward to the Otonashigawa belt. Similar southward basin migration can also be deduced 
from the Otonashigawa to the Muro basins. In addition to the migration of the basins, 
there are found some changes in sedimentary sequences. Muddy facies, sometimes ac- 
companied with greenstones and cherts, are dominant in the Hidakagawa group, while 
sandy facies prevail in the Otonashigawa group. Sandy facies dominate in the Muro 
group, frequently accompanied by conglomerates. Moreover, there are some differences 
in the properties of massive and thick-bedded sandstones among these groups (Fig. 4). 
These observations may reflect the change of the sedimentary environment of the Shimanto 
supergroup from eugeosyncline to miogeosyncline. ‘Terrigeneous materials were supplied 
from both sides of the basins as shown by arrows in Fig. 3. 


3. Paleogeographic Reconstruction of the Shimanto Geosyncline 


Paleogeographic reconstruction of the Shimanto geosyncline was attempted on the 
basis of facies analysis (especially distribution of conglomerates and massive sandstones), 
paleocurrent analysis by sole markings and grain fabrics of sandstone and conglomerate, 
channel structure analysis in proximal turbidites, and the occurrence of exotic clasts of 
orthoquartzite. Hypothetical paleogeographic maps of three stages in the Shimanto 
geosyncline are offered in Fig. 5. The paleogeography of the early Miocene is added in 
the same figure, the data of which are adopted from K. Hisatomi and the Hatenashi 
Research Group. The Kii Peninsula is meridionally extended by one and half times con- 
sidering the shortening of each belt after deposition. 

Hidakagawa stage (late Cretaceous). The longitudinal currents were dominant in the 
axial part, by which sediments of distal turbidite and/or shale were transported. In the 
eastern part there is found a submarine (basic) volcano which forms a mound. Acidic 
tuffs, which may have been derived partly from acidic volcanic activity on the Kuroshio 
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Fig. 5. Paleogeography of the Shimanto geosyncline in the province of the Kii 
Peninsula. The basin in each stage of the geosyncline situated between two 
land areas (Asiatic Continent in the north and Kuroshio Paleoland in the 


south), from which clastic materials were supplied through submarine channels. 
The successive southward migration of the basin is noticeable. 
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Paleoland, are frequently intercalated in the sequence. In the southern part of the basin 
proximal turbidites (thick-bedded sandstone and conglomerate) were frequently trans- 
ported from the Kuroshio Paleoland forming a deep-sea fan and channel system. Similar 
fans and channel systems existed in the northern part. In the northern shelf area there 
were two troughs represented by the Izumi and Sotoizumi groups. The northern land 
area was a part of the Asiatic Continent, where acidic volcanism and plutonism were oc- 
curring quite extensively. 

Otonashigawa stage (Eocene). After the filling of the basin of the Hidakagawa stage, 
the axis of depositional site shifted slightly southward. Longitudinal currents from E to 
W were dominant throughout the basin. Submarine (basic) volcanism is inferred some- 
where outside the Kii Peninsula, from which volcanic materials were supplied to the basin 
in small quantity. A deep-sea fan developed in the southern part of the basin, which is 
interpreted from the presence of proximal facies of the Kizekkyo conglomerates and sand- 
stones. ‘There were similar deep-sea fans in the northern part of the basin. 

Muro stage (Oligo-Miocene). After the filling of the former basin, the succeeding one 
was born to the south. Eastern longitudinal currents were still dominant in the basin. 
However, an upheaval zone was formed along the axial part (Uchikoshi anticline) of the 
basin at a later stage to yield complicated paleocurrents. Terrigenous materials were 
supplied from the south by submarine channels in the southern part of the basin, while 
those of the northern part were supplied from the northern land area. In the south there 
are found many exotic gravels of orthoquartzite and slump deposits, all of which were 
transported from the south. 

Kumano and Tanabe stage (late early Miocene). After the filling of the Muro basin, a 
great tectonic movement occurred, changing the Shimanto geosyncline to the land area. 
Simultaneously the Kuroshio Paleoland which had supplied vast materials to the geo- 
syncline subsided beneath the area. The new basin of the Kumano and Tanabe groups 
was formed upon the Shimanto belt. These groups overlie the severely folded and faulted 
strata of the Shimanto supergroup with pronounced clinounconformity. Terrigenous 
materials were supplied from the northern land area and were deposited on the submarine 
shelf and slope. Recent investigation around Cape Shionomisaki area, the southern end 
of the peninsula, by Y. Miyake and K. Hisatomi reveals volcano-plutonic activity of basic 
to acid composition early in this stage. They concluded that the igneous complex formed 
tectonically upheaved submarine ridge which trapped the sediments. It is highly prob- 
able that a remnant of the Kuroshio Paleoland constituted this ridge. 


4. The Kuroshio Paleoland and Its Bearing in the Development of the Shimanto Geosyncline 


The existence of the Kuroshio Paleoland can be inferred from various geologic evi- 
dences. It must have been located in the area now occupied by the continental slope off 
the Kii Peninsula, although no direct evidence has been obtained there. Pre-Shimanto 
basement rocks (sandstones, cherts, etc.) are inferred from the study on the Kuroshio Paleo- 
land, from which a large amount of volcanic materials were supplied to the geosyncline. 
As shown in Fig. 6, the upheaval and erosional movements progressed on the Kuroshio 
Paleoland in accordance with the depression and deposition in the Shimanto geosyncline. 
In the later (Muro) stage erosion of the Precambrian basement of the paleoland was 
suggested by the presence of orthoquartzite gravels very similar to those of Sinian age. 
The submergence of the paleoland occurred finally in the early Miocene. 
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Fig. 6. The geohistory of the Shimanto geosyncline and Kuroshio Paleoland and their 
relation to that of the Philippine Sea. 1, Karic et al. (1975); 2, Karte et al. (1975), 
Ozma et al. (1977); 3, Mizuno et al. (1977a), Mizuno e¢ al. (1977b), SHrpara and 
Oxupa (1975), Suara e¢ al. (1977), Surxi et al. (1975); 4, Konpa et al. (1977), 
Matsupa é¢ al. (1975), Mizuno et al. (1976), Mizuno et al. (1977b), Surxtet al. (1975) ; 
5, Hanzawa (1940-41); 6, Mizuno and Konpa (1977), Mizuno et al. (1976), 
Mizuno e¢ al. (1977b), Sui e¢ al. (1975), Yuasa and WaTANaBE (1977); 7, Karic 
et al. (1975). 


As shown in the reconstruction (Fig. 4), the depositional site of the Shimanto geo- 
syncline can never have been a trench facing to ocean, but was an inner-arc basin or arc- 
trench gap. No pelagic sediments are found in the Shimanto belt in the Kii Peninsula. 
An environment shallower than deeper bathyal or abyssal is preferred for the Shimanto 
geosyncline. In spite of the detailed geologic survey in the Kii Peninsula there is no 
evidence of large exotic blocks due to gravity sliding nor tectonic mélanges and long dis- 
tance thrusting. This does not support the plate tectonic model of the Pacific-type orogeny 
proposed for the outer (Shimanto) belt of Southwest Japan by Sucrmura and Uyepa 
(1973). 

As to the birth and development of the Philippine Sea there must have been an in- 
timate relation to the geohistry of the Shimanto geosyncline, including the Kuroshio Paleo- 
land. Late Cretaceous/Eocene, Eocene/Oligocene, early Miocene and late Middle Mio- 
cene crustal movements are known in the Shimanto terrain. Similarly, the presence of 
late Cretaceous/Eocene, Eocene/early Miocene and middle Miocene hiatuses have been 
revealed by DSDP and GDP explorations in the Philippine Sea (Fig. 6). These events 
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indicate considerable vertical movements and subaerial erosion at least in plateau and ridge 
areas. 


From the sedimentological view point the Kuroshio Paleoland was as large as the 
present Japanese Islands. There is no evidence of the paleoland prior to late Cretaceous. 
However, the presence of orthoquartzites very similar to that of the Sinian in the Asian 
Continent suggests that the paleoland extended further south to the present Philippine Sea 
in the late Precambrian. There remains a large gap in the geologic record since then. 
Several scientists (Liu, 1959; Liu e¢ al., 1973; Minato et al., 1965; etc.) suggested that 
the “Cathaysian Continent”’ extended to the Philippine Sea in late Precambrian and Paleo- 
zoic time. ‘These considerations should be taken into account in reconstructing the birth 
and development of the Philippine Sea. 
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Detailed correlation and chronology of the Neogene and Quaternary marine sediments 
in the Japanese island arc area have been established by the application of magnetostrati- 
graphic methods supplemented by microbiostratigraphic data. The sedimentation rates of 
several sedimentary sequences show a similar pattern among the studied areas, and two 
drastic synchronous changes in the rates of sedimentation are recognized. Thus the 
Japanese Neogene and Quaternary can be divided into three major time intervals, named 
I, II, and III in increasing age. The boundaries between these three intervals are 4.7 
mybp (base of the Gilbert Epoch; magnetic anomaly 3) and 10.4 mybp (Epoch 9; magnetic 
anomaly 5). The geographic distribution of the land area during the time interval I and 
II was similar to the present; however, in the time interval III, it is completely different 
but similar to the present Bonin-Mariana arc area. It has been documented by Hawaiian 
hot spots and spreading features on the East Pacific Rise that the plate motion in the Pacific 
Ocean area has also changed drastically. The time interval I is the period of high rate of 
sedimentation (several hundreds cm/1,000 years) and moderately increasing plate motion; 
the time interval II extremely low rate of sedimentation (less than several cm/1,000 years) 
and slow plate motion, and at the same time land areas were expanded; the time interval 
III moderate rate of sedimentation (several tens cm/1,000 years) and high rate of plate 
motion, and land areas were reduced. ‘These drastic changes can be explained by the 
“cyclic evolutionary model”’, originally proposed by Kanamori, and Forsyth and Uyeda’s 
slab-pulling driving force of the oceanic plate motion as follows. The drastic change from 
the time interval III to II is ascribable to detachment of the down-going slab from the ocean 
plate. The reduction in plate motion may also be triggered by the detachment, which re- 
leases the ocean plate from the down pulling force. The high rate of sedimentation in the 
time interval I is resulted from the steepening in the topographic relief and the increase in 
the amplitude of tectonic deformation, which should be related with the horizontal com- 
pressional stress caused by the coupling between the continental and oceanic lithospheres. 


1. Introduction 


The island arc systems, now found mainly along the continental margins around the 
Pacific, are particularly important areas to understand the geodynamics of the world. 
It has been conclusively documented that the oceanic lithosphere bends and descends 
into the mantle at the island arc system. In the theory of plate tectonics, lithospheric 
subduction is one of the major tectonic processes related to the formation and evolution 
of island arcs. There is a diversity of topography, seismicity, Wadati-Benioff zones, 
volcanism, gravity anomalies, stress fields, etc., in the island arc systems. It is almost 
certain that the degree of mechanical coupling between the oceanic and continental 
lithospheres varies among different island arcs, and the coupling may play an essential role 
in the diversity of the systems (KANAMORI, 1977). 
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There are two kinds of model which have been proposed to explain the diversity and 
evolution of island arc systems: 

1) Stationary subduction model—inter-plate coupling is controlled by relative 
movement of both plates, and the relative movement is quasi-stationary or does not have 
any special trend of change; 

2) Non-stationary subduction model—inter-plate coupling changes with evo- 
lutionary stages of plate subduction (the evolutionary model of Kanamori, 1971, 1977; 
and Kopayasui and Isezaxt, 1976). 

If some changes in the tectonic features of an island arc system during geologic time 
are found, they may provide us with some constraints on the island arc models. For such 
an investigation, the Japanese island arcs area is most suitable because of the existence of 
ample geologic and geophysical data. Unraveling the geological records and determining 
the trends in tectonic features requires knowledge of the precise chronology of relevant 
geological events, which can be compared with the history of the oceanic plate motion. 
For this purpose, the magnetic stratigraphy is the most useful method because: 

1) magnetic stratigraphy can be used on a gloval scale; 

2) magnetostratigraphic patterns can be directly correlated with ocean magnetic 
anomaly patterns, which show the spreading history of an ocean plate. 

In this article, the magnetic stratigraphy of Japanese Neogene and Quaternary sedi- 
ments and the tectonic evolution of the Japanese island arcs during the last 15 million years 
are discussed, referring to the mechanism of Pacific plate motion. 


2. Magnetic Stratigraphy of Japanese Neogene and Quaternary Sequences 


Japanese Neogene and Quaternary rocks have been investigated paleomagnetically 
since Maruyama (1929) recognized periodic change in the polarity of the geomagnetic 
field. Kawai (1951) applied paleomagnetic methods to sedimentary rocks, and reported 
several horizons in which remanent magnetization had reversed polarity. NAKAGAWA 
et al. (1969) first applied the combined magneto- and biostratigraphic techniques to sedi- 
mentary sequences, and found that a correlation of the sedimentary sections with the deep- 
sea bottom sediments was possible. As the next step, magneto- and biostratigraphic in- 
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vestigations on Japanese Neogene and Quaternary sediments outcropping in the Akita, 
Sendai, Niigata, Choshi, Boso, Shizuoka, Miyazaki, Kumejima, and Miyakojima areas 
have been made by the author and his colleagues (Nutsuma, 1970, 1976; Kimura, 1974; 
Nakacawa and Nntsuma, 1977; Nakacawa ¢¢ al., 1975, 1977; Nrrosg, LOW). Figure| 
shows the examined areas, which are widely distributed in the Northeastern Japanese arc, 
Southwestern Japan, and the Ryukyu arc. 

Figure 2 is an example of magneto- and biostratigraphy in the Boso area, central 
Japan. The vertical axis corresponds to the thickness of the sedimentary sequence, and 
the columns show lithostratigraphic classification (Formation), geologic columnar section 
marked with the horizons of key tuff layers, intensity of remanent magnetization after 
cleaning with alternating field and thermal demagnetization methods, latitude of virtual 
geomagnetic pole position (VGP) calculated from the direction of remanent magneti- 
zation, geomagnetic polarity determined by the latitude of VGP, and magnetostratigraphic 
classification (Magnetozone). On the right-hand side of this figure, the alphabetically 
nominated horizons correspond to the microbiostratigraphic data, which are shown in the 
figure caption. The Boso area has a sequence of several thousands meters thick continuous 
marine sediments, which is probably one of the thickest Neogene successions in the world 
of which geology, paleontology, sedimentology, and tephra-stratigraphy have been well 
studied. 

The magnetostratigraphic sequence can be correlated with the standard normal and 
reversed geomagnetic polarity pattern, supplemented with the ocean magnetic anomalies 
(Fig. 3), using the microbiostratigraphic datums which are shown as the alphabetic nomi- 
nations in Fig. 2 and beside the left column in Fig. 3. Those microbiostratigraphic datums 
have been calibrated to the standard magnetostratigraphic scale (RYAN et al., 1974; Sarro 
et al., 1975; TAkAYANaGt et al., 1978), as shown the alphabetic nominations beside the right 
column in Fig. 3. This correlation makes it possible to calibrate the sedimentary sequence 
to the absolute age. The 5,500 m thick sedimentary sequence in the Boso area is defined 
to be deposited for the last 16 my, and a one-third of the duration corresponds to the 
remarkably thin part of the sequence (80m in thickness; magnetozones of BS-H and 
BS-I) as shown by the correlation line in Fig. 3. This fact shows the existence of drastic 
changes in the rate of sedimentation in this area, and in this part of the sequence, the rate 
of sedimentation is extremely low. Using the calibration, the rate of sedimentation can be 
calculated as shown in Fig. 5. In this part (4.7 to 10.4 mybp), the sedimentation rate is 
ranged from 1.0 to 10 cm/1,000 years and increasing in the rate appears in the upper hori- 
zons of this part. Above this part, the sedimentation rate is ranged from several tens to 
several hundreds cm/1,000 years. Below this part, the rate is almost constant, ranged from 
20 to 40 cm/1,000 years. 

Based on the geologic sequence in the Boso area and these changes in sedimentation 
rates, the author proposes the following geochronologic classification of tectonic evolution: 
i.e. the time intervals I, II and III (increasing in age). The boundaries between these 
three time intervals are 4.7 mybp (basal part of the Gilbert Epoch; magnetic anomaly 3) 
and 10.4 mybp (Epoch 9; magnetic anomaly 5). 

The same kind of magnetostratigraphy in other areas has also been established. Fig- 
ure 4 shows magnetostratigraphic correlation with supplemented microbiostratigraphic 
data. Based on this correlation, the rate of sedimentation of those sections can also be 
calculated as shown in Fig. 5. It can be seen that the previously mentioned drastic change 
in sedimentation rates occurred not only in the Boso area but also in the other areas. 
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Fig. 2. Magnetostratigraphy of Neogene and Pleistocene sedimentary sequence in the Boso area 
and selected microfossil events (Nursuma, 1976; Nakacawa and Nursuma, 1977; Naka- 
GAWA ¢é¢ al., 1977; Takayama, 1973, 1976; Opa, 1975. A, Lowest occurrence of Gephy- 
rocapsa oceanica; B, highest occurrence of Discoaster spp. and coiling change of Pulleniatina 
from left to right; C, lowest occurrence of Globorotalia truncatulinoides; D, coiling change of 
Pulleniatina from right to left; E, highest occurrence of Sphaeroidinella spp.; F, coiling change 
of Pulleniatina from left to right; G, highest occurrence of Globorotalia margaritae; H, highest 
occurrence of Globigerina nepenthes; I, lowest occurrence of Pulleniatina primalis; J, lowest 
occurrence of Globorotalia acostaensis; K, highest occurrence of Discoaster cf. hamatus; L, lowest 
occurrence of Globigerina nepenthes; M, lowest occurrence of Orbulina suturalis. 
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Additional to these results, similar changes in sedimentation rate are found in DSDP site 
438 (leg 57) taken from the inner trench slope of the northern part of the Japan trench 
system (VON HuEne ¢t al., 1978). It can be suspected that these drastic changes in sedi- 
mentation rates have some implications in the tectonic evolution of the Japanese island arcs. 


3. Tectonic Evolution of the Japanese Island Arcs in the Last 15 my 


In this section, the tectonic evolution of the Japanese island arcs in the last 15 my is 
discussed, based on the precise chronology and geochronologic classification by magneto- 
stratigraphy mentioned above. The geologic character of the sedimentary sequences 
in the Japanese island arcs is mentioned below for each time interval: 

Time interval I (0 to 4.7 my). The sedimentation rate is high (several hundreds cm/ 
1,000 years) in the coastal plain area and intramontane basins. Distribution of marine 
sediments is limited to the coastal area. 

Time interval II (4.7 to 10.4 my). In the coastal areas such as the Boso, Akita, Niigata 
and Shizuoka areas, the sedimentation of marine sediments occurred and the rate of sedi- 
mentation is extremely low (less than several cm/1,000 years). In the inland area, a large 
amount of terrestrial pyroclastic deposits is supplied by dacitic volcanism, and the dis- 
tribution of this volcanism is limited to the zone of the present Backbone Ranges (KiTa- 
MURA and OnukI, 1973). 

Time interval III (10.4 to 16 my). This time interval is characterized by intermediate 
sedimentation rates, the widest distribution of marine sediments (KirAMURA and ONUKI, 
1973), and the Kuroko deposits which are believed to be created by submarine volcanic 
activity (Horrkosu1, 1976). 

Figure 6 shows the paleogeographic maps for these time intervals. Since the early 
stage of time interval I, the distribution of land area is similar to the present (Fig. 6(a)). 
In the time interval II (Fig. 6(b)), also, it has a similar pattern except in the Ryukyu arc 
(Naxacawa et al., 1977). In time interval III, it has a quite different pattern from the 
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Fig. 5. Changes in rate of sedimentation of Neogene and 
Pleistocene sedimentary sequence and _ geochronologic 
classification of tectonic evolution in the Japanese island 
arc area. 


present (Fig. 6(c)). The volcanic activity is marked in Fig. 6 by crosses (x). In time 
interval II, volcanism is characterized by terrestrial dacitic activity. In the later part 
of time interval III, volcanism is characterized by basalt and dolerite extrusion (KonpDA, 
1974). The extrusion is assumed to have occurred under tensional conditions (KogBa- 
yasHI and Nakamura, 1978). The paleogeographic features in time interval III are 
rather similar to those of the Bonin-Mariana island arc system where the island arc con- 
sists mainly of non-volcanic islands such as Ogasawara and the Saipan islands, and the 
submarine volcanic activity occurring. 


4. The Condition of the Lithospheric Plate under the Northeastern Japanese Island Arc and the 
Cyclic Evolutionary Model 


In the present Northeastern Japanese island arc system, the continental and the 
oceanic lithospheres are nearly completely decoupled so that no major thrust earthquake 
can occur along the interface, according to Kanamorr (1977). Because of the reduced 
coupling, the tensional force caused by the gravitational pull of the denser downgoing 
lithosphere may be transmitted to the oceanic lithosphere and may cause a large intra- 
plate normal fault earthquake. The 1933 Sanriku Earthquake is interpreted as a litho- 
spheric normal-fault which cuts through the entire thickness of the lithosphere (KANAMORI, 
1977). 

On the basis of the seismological results, Uyepa and Kanamori (1978) estimated that 
the subduction type in the Northeastern Japanese island arc system is an intermediate one 
between the two end members. The end members are named the Chile and Mariana 
types. In the Chile type, the coupling between the lithosphere of ocean and continent is 
strongest and the width of the contact zone is very large, so that when slippage occurs it 
results in a really major earthquake. This type is also characterized by the shallow angle 
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Fig. 6. Paleogeographic maps of the Japanese island 
arc area in the each tectonic evolutionary time 
interval. 


of the Wadati-Benioff zone and the lack of deep earthquakes below 200 km. In the Mari- 
ana type, the coupling is weakest, and decoupling and detaching may occur. ‘This type 
is characterized by the steep angle of the Wadati-Benioff zone and by an active back arc 
basin. 

Kanamori (1971, 1977) presented an interesting explanation for these features in 
terms of gradual decoupling at the interface zone between the landward and subducting 
plates. ‘The Mariana type corresponds to the last stage of the evolutionary trend. 

Kosayasui and IsEzaxr (1976) modified the original Kanamori’s model to be more 
consistent with geophysical observations such as magnetic anomalies, thickness of sediment 
cover and age of the marginal sea floor. The modification is based upon the assumption 
that subduction always starts at the boundary between the continental and oceanic litho- 
spheres. (In the case of the original model, the oceanic plate, having lost the mechanical 
support of the opposing continental lithosphere, may start sinking from the leading edge.) 
When this process is completed, the detached slab of oceanic lithosphere sinks down to the 
deeper asthenosphere, and the new cycle will repeat by renewed subduction. 

The observations of the spatial distribution of earthquake hypocenters in the North- 
eastern Japanese arc system suggest that the Wadati-Benioff zone reaches 550 km in depth 
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and has 30° inclination (Isuma, 1970). Using these values, the length of the Wadati- 
Benioff zone can be calculated as 1100 km. If we use the average moving rate of the Pacific 
plate of 10 cm/year, estimated by Hawaiian hot spot data (Jackson, 1976), it can be cal- 
culated that 1,000 km plate slab needs only 10 my for sinking. This could be interpreted 
to mean that the present lithospheric plate under the Northeastern Japanese island arc 
system started to sink about 10 mybp. From this, we can examine the two kinds of sub- 
duction models, stationary and non-stationary, using the relationship between subducting 
slab and tectonic evolution of the island arc system in the last 15 my. 

If we use the modified Kanamori’s model, called the ‘cyclic evolutionary model” 
in this article (Fig. 7), we should find the geologic events corresponding to the beginning 
of the present cycle and previous cycle in the last 15 my, based on the chronologic data. 
Using the above-mentioned geologic and paleogeographic evidence, we can say that the 
present status goes back to the time interval II. It seems that the present cycle of plate 
subduction started in the early part of the time interval II, 10 mybp. This estimated age 
agrees well with the possible starting time of sinking of the present plate under the island arc 
system. Before the beginning of this cycle in the time interval II, the island arc system 
should be in the last stage of the previous cycle, similar to the Mariana type. It has 
already been noticed that the paleogeographic map of the time interval III shows a similar 
pattern of land area distribution to the Bonin-Mariana arc. Because of the consistency 
with the chronologic and paleogeographic data, we can conclude that the “cyclic evolu- 
tionary model” is able to explain the process of oceanic lithospheric subduction. 

Figure 7 illustrates the simplified cycle of the “cyclic evolutionary model,” referring 
to the development of the Northeastern Japanese island arc system. In this figure, (e) 
shows the present status of the Northeastern Japanese island arc system. In (a) (early 
time interval III), we appear to have a configuration similar to a slightly later develop- 
ment of the situation shown in (e). The subductive slab increases in length and the gravi- 
tational down-going force increases. This affects the decreasing land area in the island 
arc system. Because the bending portion is pulled toward the oceanic side, the back arc 
area is under a tensional stress field, by the suction force between continental and sub- 
ductive slab (ExsasserR, 1971). The inclination of the slab increases to 45° or 50°. This 
stage corresponds to the present Izu arc. In (b), the slab becomes heavier and its incli- 
nation increases up to 90°. The main part of island arc subsides below sea level. ‘The 
bent portion of the slab moves toward the ocean, and because the relative position of the 
trench and island arc is kept more or less constant by the suction force, the back arc basin 
opening, which occurred under tensional stress field, is associated with extrusion of igneous 
rocks and Kuroko deposits. This stage corresponds to the present Mariana arc, and the 
later stage of the time interval III of the Northeastern Japanese arc. In (c), the down- 
going slab is detached from the oceanic lithosphere. The island arc system is released 
from the heavy lithospheric slab, isostatic rebound should occur and also release from the 
horizontal stress. A new cycle is initiated and the oceanic lithosphere begins to subduct 
between continental and oceanic lithospheres. This stage corresponds to the early part 
of the time interval II. In this stage (d), the oceanic lithosphere underthrusts beneath the 
continental lithosphere and is opposed by the latter. Because of its strength, the oceanic 
lithosphere is unlikely to bend and low-angle (10° to 20°) thrusting occurs. The stress 
in the oceanic and continental lithospheres is compressive. At this stage, caused by the 
strong coupling between the continent and oceanic lithospheres, major earthquakes occur. 
This stage corresponds to the present Chile area and to the later stage of the time interval 
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Fig. 7. Schematic “cyclic evolutionary model’? for the 
plate subduction in Northeastern Japanese island arc 
system and geochronologic classification of tectonic 
evolution. 


II and early part of the time interval I. 


5. Discussion and Conclusions 


The relationship between the sedimentation rate in the Japanese sedimentary basins 
and the lithospheric condition under the Japanese arcs may be controlled by three factors. 
These are: supply of sediments, horizontal stress, and isostatic balance. The supply of 
sediments is estimated to be mainly controlled by the width and topographic relief of the 
land area. The horizontal compressional stress would affect the island arc to make its 
topographic relief steep and to increase the amplitude of tectonic deformation. It would 
make the depressed area a deeper sedimentary trap and the uplifted area a higher source 
of sediments. In the compressional stage such as the time interval I, the rate of sedimen- 
tation should be high in the basins and coastal areas. This deduction agrees well with the 
above-mentioned rate of sedimentation. After the detachment of a dense lithospheric 
slab under an island arc system, isostatic rebound would be expected, and the land area 
should be more extensive and the amplitude of topographic relief should decrease, due to 
decrease of horizontal stress. The sedimentation rate should be made lower. The ex- 
tremely low rate of sedimentation in time interval II can be explained by this process. 

According to Forsyru and Uyepa (1975), the motive force of plate motion is mainly 
caused by the subsidence of an oceanic lithospheric slab. If we follow this scheme, we 
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should find the influence of cyclic evolutionary trends of plate subduction on the plate 
motion and ocean floor spreading. We can monitor the motion of oceanic plates by the 
position of volcanic islands created by the activity of hot spots. In the Hawaiian hot spot 
chain, the rate of volcanic progression has been smoothly accelerating in the last 4 my 
(Jackson, 1976). The acceleration is consistent with the existence of Northeastern Japan- 
Izu-Bonin-Mariana Arcs in which the inter-plate friction decreases with the evolutionary 
trend. 

The spreading feature at the mid-oceanic ridge can be demonstrated by the ocean 
magnetic anomaly pattern correlating with the geomagnetic polarity reversal history. 
In the East Pacific area where the Pacific plate is being created, a fossil spreading center 
has been found by Herron (1972). Because it is estimated that this center stopped spread- 
ing at 10 mybp (corresponding to anomaly 5), the East Pacific region must have had 
two spreading centers prior to 10 mybp. This age corresponds to the boundary between 
time interval II and III, when the new cycle of subduction started. Because the early 
stage of the evolutionary cycle can be compared to the Chile type subduction in which 
inter-plate coupling is strongest, the pulling force for plate motion should have been de- 
creased at the subduction area. The decrease in the pull of the Pacific plate was able to 
close the fossil spreading center and to decrease the total spreading rate. 

In conclusion, the rate of sedimentation deduced from magnetostratigraphy is a very 
useful parameter in reconstructing past tectonic conditions. Using the sedimentation rate 
data, the Japanese Neogene and Quaternary can be divided into three major time inter- 
vals. The features of tectonic evolution and paleogeography in each time interval are 
consistent with the “‘cyclic evolutionary model,” originally proposed by KANAmort (1971, 
1977) to explain the process of oceanic lithospheric subduction. ‘The pulling force of plate 
motion at the subduction area, represented by ForsytH and Uyepa (1975), seems to con- 
trol the Pacific plate motion because of the correspondence between the plate motion and 
cyclic evolutionary trend of plate subduction. 
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In the Japanese coastal area, deformation patterns deduced from the height of former 
shorelines are classified into four types, A, B, C and D, each reflecting different response of 
tectonic regions to island arc movements. Each area has been progressively and accel- 
eratedly deformed in a same pattern during the late Quaternary. Maximum rate of 


average uplift is 1.5 m/1,000 years for the Last Interglacial terrace and 4 m/1,000 years for 
the Holocene terrace. 


The landward tilting, type D, on the Pacific coast of Southwest Japan has been as- 
sociated with great earthquakes occurring below the inner slope of the Nankai Trough. 
Type D area is separated from upwarping mountains by hinge lines along which subsidence 
has accumulated. ‘Tectonic basins filled with younger sediments on the continental 
slopes are assumed to be depressed zones along the former hinge lines. Ages of deformed 
shorelines suggest that until the early Pleistocene seismic deformation had affected only the 
continental slopes and later propagated onto the coastal area in the late Pleistocene at the 
latest, resulting in the intensification of deformation of former shorelines. In contrast, type 
C deformation has predominated on the Pacific coast of Northeast Japan, which are 200 km 
distant from the Japan Trench and seem to be still located landward of hinge lines of seismic 
crustal movement. 


1. Introduction 


Height analysis of the former shorelines preserved on marine terraces as “‘shoreline 
angles” offers the best data for estimating the pattern and rate of tectonic deformation in 
coastal areas in the late Quaternary. It has almost the same accuracy as re-levelling of 
bench marks, if age estimation and correlation of terraces as well as height measurement 
are satisfactory done. The authors have collected data of former shorelines in collabo- 
ration with members of Research Group for Quaternary Tectonics as a part of the Japanese 
Geodynamics Project to deduce the characteristics of late Quaternary tectonic movement 
in Japan. 

The purpose of this paper is to analyse the areal distribution and deformation types of 
the height of the former shorelines on the two prominent marine terraces, the late Pleisto- 
cene “S” terrace (OTA, 1975) and the Holocene terrace, with special reference to the 
pattern of seismic deformation, and to discuss the temporal sequence of deformation pattern 
and the rate of uplift. Attention is paid to the cause of differentiation of deformation types 
and its tectonic implication in Northeast Japan and Southwest Japan, both facing the 
trenches with different distance, however. 
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2. Late Quaternary Tectonic Movement Deduced from Deformed Shorelines 


The S and younger Hglocene terraces are almost continuously developed around the 
Japanese Islands and are useful as marker surfaces to deduce late Quaternary tectonic 
movements. Radiometric age of the S terrace in Kanto is estimated at 120,000—130,000 
Y.B.P. by the fission track method from a tephra layer which covers the marine terrace 
(Macurpa, 1975), and at about 120,000 Y.B.P. by the Th230 or Pa231 method from the 
raised coral reef complex of Kikai-jima, Ryukyu Islands (Konisui et al., 1974). The S 
terrace, therefore, represent a high sea level of the Last Interglacial stage and are corre- 
lated with Barbados III (MEsoLe.ta ef al., 1969) and the stage VII of New Guinea (CHap- 
PELL, 1974). 

Some parts of the Holocene terraces are of depositional surfaces containing woods, 
shell beds or fossil corals and represent the main stage of the latest transgression. Numer- 
ous C14 dates from the Holocene terrace show that the transgression culminated 5,500— 
6,500 Y.B.P. (YoneKuRA, 1975; Ora et al., 1978). 

Heights of former shorelines of the S terraces were measured by barometric survey 
and those of the Holocene terrace by levelling with a handlevel or an autolevel. Height 
data were corrected to the height above mean sea level. 


2.1 Height distribution of the S terrace and its deformation pattern 

Areal height distribution of the S terrace is summarized in Fig. 1. Isobases are drawn 
to show the pattern of deformation in some areas investigated in detail (OTA and NARusE, 
1977). Height data in 14 areas are also listed in Table 1. From Fig. 1 and Table 1 it 
is obvious that the S terrace ranges from 10 to 200 m in height, indicating a great amount 
of differential uplift. Data are not enough in Hokkaido, Seto Inland Sea and Kyushu, 
however. 

Deformation pattern of former shorelines of the S terrace are classified into four types 
(Ora, 1975). Type A is warping with small wavelength of 20-30 km, parallel to the 
coastline (areas 1-4). The undulation of this type clearly corresponds to the present topo- 
graphic features. Upwarping predominates along the foot of mountains and peninsulas 
and downwarping in intervening plains. ‘This type is observed on the Japan Sea coast of 
Northeast Japan where the S terrace is 10-105 m high. 

Type B is tilting of small blocks, 10-30 km long, and are found only in the western area 
of the Japan Sea coast (areas 5-8). Noto Peninsula (area 6), which tilts southward from 
110 to 15 m high as a whole, is subdivided into nine small blocks tilting southward. Sado 
Island (area 5) also consists of three tilted blocks (Ova et al., 1976). 

Type C is very gentle undulation with wavelength larger than 100 km and predom- 
inates in the piedmont areas of Kitakami and Abukuma Mountains (areas 9 and 10) 
on the Pacific coast of Northeast Japan. Height differences of the S terrace in these areas 
ranges from 40 to 100 m, smaller than in the other types, however. 

Type D is notable landward tilting of coastal zones 30-50 km wide. The Pacific 
coastal area from south Kanto to south Shikoku is characterized by the deformation of 
this type. The Ryukyu Islands, where the S terrace is higher closer to the Ryukyu Trench, 
have also been deformed in this type (Ota, unpublished). Differential uplift in type D 
is the most distinguished among all the types of deformation. The height of the S terrace 
in these areas reaches about 200 m. 
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Fig. 1. Height and deformation pattern of S terrace (after Ora 
and Naruse, 1977). Insets 1-4 show the deformation of Holo- 
cene terrace in area 2 (Inset 1), area 5 (Inset 2), areas 11 and 12 
(Inset 3) and area 13 (Inset 4). Data source is indicated in 
Table 1. 
Table 1. Rate of uplift estimated from height of former shorelines. 
Area number, Last Interglacial Holocene 
locality and type (130,000 Y.B.P.) (6,000 Y.B.P.) 
of deformation I Il ll 
1. Tsugaru Peninsula A 20-50 (1) 0.4 
2. Shirakami Mts. A 40-100 (1) 0.7 5-10 (5) he 
3. Oga Peninsula A 40-90 (1) 0.7 
4, Noshiro Plain A 20-60 (1) 0.4 
5. Sado Island B 40-120 (1) 0.9 2-9 (5) 12 
6. Noto Peninsula B 15-110 (1) 0.8 
7. Nyu Mountains B 30-115 (1) 0.9 5-8 (5) 1.0 
8. Tango Peninsula B 15-50 (1) 0.4 
9. Kitakami Mts. C 40-100 (2,5) 07 
10. Abukuma Mts. C 40-60 (1) 0.4 
11. Boso Peninsula D 5-25 (6,7) 3.8 
12. Oiso Hills D 20-160 (3) 2 0-26 (6) 4.0 
13. Muroto Peninsula D 40-195 (4) 18) 3-13 (8) 1.8 
14. Ryukyu Islands D 20-200 (5) 1S 5-13 (9) 1.8 


I, height (m); II, maximum rate of average uplift (m/1,000 year). 
Data source: (1) Ora, 1975; (2) Yonexura, 1966; (3) Macuipa, 
1973; (4) Yosnrkawa et al., 1964; (5) Ota, unpubl.; (6) YoneKura, 
1975; (7) Marsupa et al., 1978; (8) Kanaya, 1978; (9) Ora e¢ al., 
1978. 
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2.2 Height distribution and deformation pattern of the Holocene terrace 

The Holocene terrace is normally less than 7-8 m high and attains 26 m in maximum 
(Table 1). This shows that a marked differential uplift occurred also after the formation 
of the Holocene terrace as did after the S terrace formation. Increasing yet insufficient 
number of data do not allow us to show the areal distribution of height in all the area of 
the Japanese Islands. Thus, a few examples are indicated in the insets of Fig. 1 to show 
the deformation pattern of the Holocene terrace. 

Warping of small wavelength of type A in Shirakami Mountains (area 2) is shown in 
Fig. 1-1, and tilting of small blocks of type B in Sado Island (area 5) in Fig. 1-2. Land- 
ward tilting of type D is clearly seen in south Kanto (areas 11 and 12, Fig. 1-3) and in 
Muroto Peninsula (area 13, Fig. 1-4). The Holocene terrace of the Ryukyu Islands shows 
the same pattern of deformation as the S terrace. 


2.3 Uniform sequence of uplift pattern in the late Quaternary and its relation to seismic crustal 

deformation in historic times 

The pattern of deformation of the terraces higher (older) than the S terrace is similar 
to that of the S terrace, but the older terrace is everywhere more deformed than the S 
terrace (Ora, 1975). Similar relation is also observed between the S and younger Holo- 
cene terraces. It is concluded, therefore, that each area has been progressively deformed 
in a certain consistent pattern throughout the late Quaternary. ‘This is interpreted as 
accumulating process of coseismic deformation observed in historic times in type D area 
(YosHtkawa, 1970; YoNEKURA 1975; Marsupa ef al., 1978), as well as in types A and B 
areas as explained below. 

In type A areas, short wave length warping of Shirakami Mountains has positive 
relation to the coseismic uplift in 1704 and 1793 earthquakes (NaxarTa et al., 1976). As 
for type B areas, an example of accumulated coseismic deformation is the progressively 
northwardtilted flight of terraces in Ogi Peninsula, Sado Island, which was affected by 
coseismic tilting in 1802 (Ora et al., 1976). It is also noticed that the smaller scale 
deformation of types A and B on the Japan Sea coast seems to be caused by earthquakes of 
smaller magnitude than those on the Pacific coast. 


2.4 Rate of uplift 

Average rates of uplift during the two different times, since the formation of the S and 
the Holocene terraces are calculated under the assumption that sea level of the Last Inter- 
glacial (about 130,000 Y.B.P.) and about 6,000 Y.B.P. were 6 and 2 m above present sea 
level respectively (Ora and Naruse, 1977). The maximum values of average rate of uplift 
in 14 areas are listed in Table 1. The rate of uplift since the formation of the S terrace 
ranges between 0.4 and 0.9 m/1,000 years for areas of types A, B and C, but in the southern 
tip of Muroto Peninsula and Kikai-jima, which show type D deformation, it is about 1.5 
m/1,000 years. ‘The uplift rates since the formation of the Holocene terrace are higher 
than those of the S terrace and more than | m/1,000 years in areas of A and B types, and the 
maximum rate attaining to 4m/1,000 years in type D area. It is suggested, therefore, that 
in the late Quaternary each coastal area of Japan has been progressively and acceleratedly 


deformed in a consistent pattern, and type D area has been most active in terms of vertical 
deformation. 
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Fig. 2. Distribution of deformation types deduced from height 
of former shorelines (after Ora, 1975). Numbers are re- 
ferred to area numbers in Table 1. 


3. Difference in Type of Late Quaternary Crustal Deformation between the Pacific Coasts of North- 
east and Southwest Japan 


Japanese coastal areas are divided into four tectonic regions characterized by different 
types of late Quaternary crustal deformation, as shown in Fig. 2.__ Each tectonic region has 
experienced persistently single type of crustal deformation in the late Quaternary, which 
depends on its geological structure and location in the island arc system, as was analysed 
by one of the present authors (Ora, 1975). In this chapter, the difference of deformation 
type in the late Quaternary between the Pacific coasts of Northeast and Southwest Japan 
is discussed from a geodynamic point of view. 


3.1 Characteristics of late Quaternary crustal deformation on the Pacific coast of Shikoku 

The type D area, that is, the Pacific coasts of Southwest Japan and the Kanto dis- 
trict, has repeatedly experienced severe earthquakes associated with acute crustal de- 
formation in recent times, for example, the 1923 Kanto earthquake, the 1944 ‘Tonankai 
earthquake and the 1946 Nankai earthquake. ‘The recent coseismic crustal deformation 
in Shikoku, a part of the area, has been of the pattern that tips of promontories were up- 
lifted and inland areas subsided, which is very similar to that of the late Quaternary tec- 
tonic movement detected from the deformation of former shorelines. On the other hand, 
recent interseismic secular crustal deformation revealed by precise levellings is of the pattern 
reverse to the coseismic one in that mountains are upwarped and coastal areas subside. A 
hinge line of the co- and interseismic crustal movement is clearly recognized running nearly 
parallel to the south coast (Fig. 3). The hinge line coincides with the axis of notable 
subsidence associated with the 1946 Nankai earthquake. At the time of this earthquake, 
coastal areas to the south of the hinge line where marine terraces descend north- or north- 
westward were uplifted tilting north- or northwestward. But, during the interseismic 
period from 1897 to 1937, the main part of the Shikoku Mountains was broadly upwarped 
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and the southern coastal area was steeply downwarped. ‘The hinge line is located along 
the southern margin of the broadly upwarped area. The interseismic secular crustal de- 
formation seems to have acted at an almost uniform rate. 

In the southern part of Shikoku, great earthquakes associated with characteristic 
crustal deformation similar in pattern to the recent coseismic one have occurred at inter- 
vals of 100 to 150 years in historic times. If the rate of tectonic movement in an inter- 
seismic period of about 100 years was as nearly uniform as in the recent one, crustal de- 
formation resulting from co- and interseismic tectonic activities in a seismic cycle of about 
120 years on an average could be estimated from the results of precise levellings as follows 
(YosHikAwa, 1970): 

1) A depressed zone is formed along the hinge line of co- and interseismic crustal 
deformation. 

2) The coastal area to the south of the hinge line is uplifted tilting north- or north- 
westward. 

3) In the area to the north of the hinge line, the mountains are upwarped. 

Such a resultant crustal deformation is very similar in pattern to the late Quaternary 
crustal movement deduced from the present topographic features of each area. Drowned 
valleys are developed very well on the coasts along the hinge line where subsidence has 
predominated. Height of marine terraces tilting north- or northwestward to the south of 
the hinge line and that of the mountains on its northern side have positive correlations 
with the resultant crustal deformation (YosH1kawa, 1970). These marine terraces were 
inferred to have been formed and displaced due to the late Quaternary eustatic changes in 
sea level and the recurrence of the above-mentioned co- and interseismic tectonic activities 
at least for the past 250,000 years (YosHikawa et al., 1964). 


3.2 The distribution of hinge lines on the Pacific coast of Southwest Japan 

In the regions other than Shikoku of the type D area, too, coseismic crustal deforma- 
tion has been similar in pattern to that in Shikoku and depressed zones along hinge lines can 
be found, as shown in Fig. 3. The hinge line in the southern part of Kii Peninsula (YoneE- 


Fig. 3. Distribution of seismic deformation areas on and submarine topography off the 
Pacific coast of Southwest Japan (after Yosurkawa, 1974). Contours and bathymetric 
curves are drawn at intervals of 500 m, among which broken ones show depressions 
and the hatched part is deeper than 9,000 m. 1, hinge lines of recent crustal defor- 
mation; 2, tilt directions of marine terraces in seismic deformation areas; 3, tilt 
directions of upland surfaces in the Kanto tectonic basin; 4, tsunami source areas 
associated with recent great earthquakes (Hatort, 1966); 5, aftershock areas in a 
day after recent great earthquakes (Moai, 1968). 
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KURA, 1968) extends to its southeast coast indented by well-developed drowned valleys, 
and in Shima Peninsula late Quaternary marine terraces are lowest and drowned valleys 
are best developed on its further northeastward extension. 

In Atsumi Peninsula, an upland composed mainly of early to middle Pleistocene for- 
mations which were derived from the northern mountains tilts northward and its southern 
margin is bordered by sea cliff (Istkawa and Ora, 1967). Mikawa Bay is a depressed 
zone located at the northern margin of this tilted block, offset a little left-laterally to the 
depressed zone of Shima Peninsula. This offset may have been caused by recent activ- 
ities of the northwest-trending sinistral fault at the mouth of Ise Bay inferred from the 
geological structure of Paleozoic and Mesozoic rocks in both peninsulas (OruKa, 1928). 
In the Tokai coastal region, depressed zones have migrated westward since the late Mio- 
cene in its eastern part and eastnortheast-trending elongate updoming and intervening 
depressions in the late Quaternary are arranged en echelon (Tsucut, 1968, 1970; Yone- 
KuRA, 1975). The southeastern margin of the westernmost updomed area was displaced 
in the nearly similar pattern to the tip of Muroto Promontory, Shikoku, during the period 
before and after the 1944 Tonankai earthquake (GropETiIc Division AND CRusTaL Ac- 
TIviITy ResEARCH Office, 1970). The updomed areas composed of thick late Cenozoic 
formations may have been formed by landward tilting of basement rocks similar in pattern 
to those in Shikoku and Kui Peninsula. 

A hinge line of recent co- and interseismic crustal deformation is found in the southern 
part of the Kanto district (DAmBARA and Hirose, 1964; Gropetic Division AND CRUSTAL 
Activity RreseARcH OrFice, 1969, 1973). On the north coast of Sagami Bay, terraces 
along the hinge line are lower than those on both sides (Macuipa, 1973). But, in Boso 
Peninsula, northeastward tilting Holocene terraces on the coast abruptly decrease the 
gradient on the hinge line, changing its direction to northwest so as to correspond to that 
of the Kanto tectonic basin. 


3.3 Change of pattern of crustal deformation on the Pacific coast of Southwest Japan 

From the above-mentioned facts it has been clarified that on the Pacific coast of the 
type D area the coastal areas to the south of the hinge lines have been uplifted tilting land- 
ward and along the hinge lines depressed zones have been formed in the late Quaternary, 
whereas in the areas landward of the hinge lines the mountains have been upwarped and 
the tectonic basins have subsided progressively. Such late Quaternary tectonic move- 
ment is very similar in pattern to crustal deformation resulting from the co- and inter- 
seismic tectonic activities, and is inferred to have acted since a time after the deposition of 
middle Pleistocene formations and before the formation of the highest landward-tilting 
marine terraces in the late Quaternary. 

Generally speaking, the large scale topographic features of the Japanese Islands (Hact- 
wARA, 1967) are nearly concordant with the long wavelength pattern of crustal deformation 
during the Quaternary (Yosurkawa, 1971). This means that the broad tectonic relief 
of the Japanese Islands has mostly been formed during the Quaternary. But in the type 
D area promontories to the south of the hinge lines protrude seaward beyond the 0m 
isopleth of the long wavelength topography (Haciwara, 1967). This suggests that the 
promontories have been affected by crustal movement of a certain pattern different from 
the broad upwarping of the Japanese Islands in the Quaternary. Because in the coastal 
areas to the south of the hinge lines the late Quaternary marine terraces descend landward 
quite reversely to the broad upwarping in the Quaternary, while the mountains decrease 
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their height seaward, it is inferred that the coastal areas to the south of the hinge lines had 
also been upwarped tilting seaward before the highest marine terraces were formed, and 
that since then the pattern of tectonic movement in these areas had changed so that marine 
terraces have been tilted landward. Such a change of the pattern of tectonic movement 
probably occurred in the late or middle Pleistocene and was caused by the recurrence of 
seismic activities. Since then, the areas to the south of the hinge lines have been deformed 
in similar patterns to the recent coseismic crustal deformation. From this point of view, 
the areas seaward of the hinge lines may be called the seismic deformation areas. ‘They 
are 100 to 150 km long and are arranged en echelon along the Pacific coast of the type D 
area. 


3.4 Features of submarine landforms off the Pacific coast of Southwest Japan 

About 100 km off the Pacific coast of the type D area the Nankai Trough runs nearly 
parallel to the outline of the coast and the Sagami Trough extends from northwest to south- 
east off the south coast of the Kanto district (Fig. 3). Off the seismic crustal deformation 
areas, submarine terraces are developed well on the continental slopes descending to the 
troughs. These terraces are bordered on both sides by submarine rises located at intervals 
of about 100 km, which are submarine extensions of promontories on the coast. Their 
landward margins are generally parallel to the hinge lines and are often a little deeper than 
their trench-side margins. 

The seismic sounding (Yosuu et al., 1973; Lupwic et al., 1973) clarified that the sub- 
marine terraces off the south coast of Shikoku and Kii Peninsula were tectonic basins filled 
with younger sediments about 1,000 m thick, and that the continental slopes off the sub- 
marine terraces were cut by step faults. Aftershock areas and tsunami source areas of 
recent great earthquakes, which are considered to be submarine parts of seismic defor- 
mation areas, extend on the continental slopes, coinciding very well with the submarine 
terraces off the coast of Shikoku and Kii Peninsula (HarTort, 1966; Moar, 1968). 

The submarine trough about 1,500 m deep south of the Kii Strait is also a northward 
tilting tectonic basin formed in the early to middle Pleistocene (INoucut et al., 1978). Its 
inner scarp runs nearly along the eastward extension of the hinge line in southern Shikoku 
and bounds the tsunami source area associated with the 1946 Nankai earthquake. 

From these facts, the submarine terraces and trough are considered to be landward 
tilted blocks of seismo-tectonic origin, of which the inner depressed parts were filled with 
sediments. The areal dimension and features of the submarine terraces are nearly similar 
to those of a tectonic basin, about 50 km wide and 1,000 m deep, which would have been 
formed when the recent subsidence along the present hinge line in Shikoku would have 
lasted uniformly for about 500,000 years. 

From these considerations it may be concluded that the submarine terraces too are 
included into seismic deformation areas, and that their inner margins are also probably 
hinge lines of co- and interseismic crustal deformation, along which subsidence has pre- 
dominated. 


3.5 Cause of the change in pattern of crustal deformation on the Pacific coast of Southwest Japan 
Recent great earthquakes that occurred beneath the inner slopes of the Nankai and 
Sagami Troughs were caused by underthrusting along the plate boundary (Fircu and 
Scuoiz, 1971; Anno, 1974, 1975), and the associated landward tilting of the coastal areas 
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was a result of elastic rebound, whereas in the interseismic periods mountains were upwarp- 
ed and coastal areas subsided by compressional stress (Moar, 1970). 

From the above-mentioned considerations the cause of the change in pattern of crustal 
deformation on the Pacific coast of the type D area is interpreted as follows; 

The mountains including those to the south of the hinge lines had been upwarped 
under a compressional state and seismic crustal rebound had acted only on the submarine 
terraces, forming tectonic basins along former hinge lines located at their inner margins, 
throughout the early and middle Pleistocene, and probably in the late Pleistocene seismic 
deformation areas abruptly expanded landward and hinge lines discontinuously migrated 
onto the coast about 50 km northwestward. Consequently, the pattern of crustal defor- 
mation in the coastal areas changed and landward tilting by elastic rebound of former 
shorelines commenced less than 500,000 years ago, because the subsidence along the pres- 
ent hinge lines and landward tilting have not yet developed so well as in the submarine 
tectonic basins filled with sediments. The discontinuous expansion of seismic deformation 
areas and migration of hinge lines may be caused by the progressive underthrusting of the 
Philippine sea plate, probably controlled by the structure and physical properties of the 
upper crust of the region. From the present rate of plate convergence, it is estimated that 
underthrusting will proceed about 30 to 50 km in the future 1,000,000 years and may cause 
a further discontinuous landward expansion of seismic deformation areas and landward 
migration of hinge lines probably at an interval of this order of time. 

The Japanese Islands have been broadly upwarped under a compressional state due 
to plate convergence, as was still detected from the present interseismic crustal deformation, 
and seismic crustal deformation of the type D area is a byproduct of such a broad upwarp- 


ing. 


3.6 Characteristics of the late Quaternary crustal deformation on the Pacific coast of Northeast 
Japan 

Marine terraces along the Pacific coast of the type C area have been very gently 
warped with a wavelength of about 100 km, corresponding to each mountain unit, and 
nowhere have been tilted landward. At times of recent great earthquakes, this coast has 
been frequently attacked by gigantic tsunamis, but has not experienced any acute crustal 
deformation (YoNEKuRA, 1972). These earthquakes occurred mainly beneath the inner 
slope of the Japan Trench running about 200 km offshore from the coast and their epi- 
centers were located more offshore than those in Southwest Japan. From these facts it 
is inferred that seismic crustal deformation which caused gigantic tsunamis has not yet 
affected the Pacific coast but only the continental slope in the type C area, because the areal 
dimension of seismic deformation areas associated with great earthquakes is estimated at 
about 100 km in diameter. 

Off the Pacific coast of Northeast Japan too are recognized submarine terraces at 
three levels from 1,000 to 2,500 m deep. These terraces are also tectonic basins bordered 
by elevations of basement rocks on their outer margins and filled with younger sediments 
(Nakajima, 1973). These submarine terraces are similar in dimension and geological 
structure to those in Southwest Japan. But the formers are located more offshore than the 
latters. Their surface generally dips seaward and sediment fills are thinner in Northeast 
Japan than in Southwest Japan. Epicenters of recent great earthquakes were chiefly 
located on the outer slopes of these submarine terraces descending to the trench. 

From these facts the submarine terraces off the Pacific coast of Northeast Japan might 
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be also considered to be seismic deformation areas of recent great earthquakes, not develop- 
ed so well as those in Southwest Japan, and the seismic deformation areas seem to have not 
yet expanded onto the coast. The Pacific coastal area of Northeast Japan is, therefore, 
still located landward of the hinge lines of co- and interseismic crustal movement and has 
been deformed in a pattern similar to that in the area landward of the present hinge lines 
in the type D area. 


4. Concluding Remark 


Coastal areas of the Japanese Islands are divided into four tectonic regions from the 
types of late Quaternary crustal deformation. Each region has been deformed progres- 
sively and acceleratedly in its own characteristic type through the late Quaternary. Such 
regional characteristics of crustal deformation reflect the difference in the responses of these 
regions to island arc tectonics. 

The difference in type of late Quaternary crustal deformation between the Pacific 
coasts of Northeast and Southwest Japan is caused by the difference in the distance from 
trenches and the location of seismic deformation areas. On the Pacific coast of Northeast 
Japan distant from the Japan Trench, the crustal deformation associated with great earth- 
quakes occurring beneath the inner slope of the trench has not yet affected the coastal area 
and the seismic deformation areas extend only on the continental slope still now. There- 
fore, the coastal area has been deformed in the pattern of broad upwarping. In contrast, 
the Pacific coast of Southwest Japan is not only located close to the Nankai Trough, but 
seismic deformation areas which had previously extended on the continental slope ex- 
panded onto the coast in the late Quaternary at the latest, and, therefore, has since been 
deformed in the pattern of landward tilting. 


This study was financially supported by the special research funds for the Geodynamics Project and the 
grant-in-aid for fundamental scientific research provided by the Japanese Ministry of Education. 
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Detailed analysis of magnetic anomalies has revealed a clear pattern of symmetric 
lineations in the Shikoku Inter-arc Basin, northern Philippine Sea. Amplitudes of anoma- 
lies are in general a few hundred nannotesla (gammas, peak to peak), which are moderate 
compared to those of the normal ocean basins accreted from the mid-oceanic ridges and 
are relatively larger than those of some other inter-arc basins such as the Parece Vela 
Basin, Mariana Trough and West Philippine Basin. Correlation of anomalies is usually so 
good that age identification can be convincingly performed except for the axial irregular 
zone. Mode of opening derived from the distribution of magnetic anomalies as well as the 
topographic features provides the evolutionary history of the Shikoku Basin in the following 
manner: 

1) The Kyushu-Palau and Shichito-Iwojima Ridges began rifting at their northern 
end at about 30 mybp. The rifting propagated towards south at a speed of about 10 cm/ 
year. 

2) After the whole basin was rifted at about 25 mybp, it continued to open symmetri- 
cally from the central spreading axis at a half rate of nearly 4 cm/year until about 22 mybp. 

3) In the latest stage of opening the spreading became slower and even irregular. 
The spreading axis jumped in some parts of the basin. A chain of seamounts was formed 
and widespread off-ridge intrusions occurred in the eastern portion of the basin. 


1. Introduction 


The Shikoku Basin south off the Island of Shikoku, southwestern Japan is one of the 
most typical inter-arc basins ever recognized in the world ocean. It is bordered by the 
N-S trending Shichito-Iwojima Ridge (active island arc) on the east and by the NWN- 
SES trending Kyushu-Palau Ridge (remnant arc) on the west. Its northern boundary 
is the Nankai Trough at which floor of the basin sinks under the Shikoku continental crust 
(Fig. 1). 

The crust of the Shikoku Basin is oceanic in its seismological structure (MURAUCHI 
et al., 1968) and characterized by existence of linear magnetic anomalies trending nearly 
parallel to those of the marginal ridges, as first pointed out by Tomopa et al. (1968, 1975). 
Warts and WersseL (1975) postulated a correlation of these magnetic anomalies and 
discussed a tectonic history of this basin. Kopayasut and Isrzaxr (1976) summarized 
geophysical and geological data available at that time and proposed a model of evolution 
of the inter-arc basins. However, some problems remained unsolved mostly because 
of lack of very detailed survey in this area of the sea. 

Under the aegis of the Geodynamics Project of Japan the total magnetic forces and 
water depths in the Shikoku Basin have been extensively measured together with seismic 
reflection profiling along more than twenty parallel tracks crossing the basin roughly 
vertical to its axis with spacings of 5 to 10 nautical miles. KoBayasHi and Naxapa (1977) 
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Fig. 1. Index map of the surveyed area. Contours are 2,000 
and 4,000 m, based upon bathymetric chart 6302 pre- 
pared by Hydrographic Department, Maritime Safety 
Agency of Japan. Square denotes area for which magnetic 
anomaly profiles are compiled (Fig. 4). Shaded zone 
indicates area for detailed bathymetric map reproduced 
in Fig. 2. Solid line indicates a track for seismic reflection 
profiling shown in Fig. 3. H, Hakuho Seamount; Kk, 
Daini-Kinan Seamount. 
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published a map of magnetic anomaly profiles of this basin using these results along with 
available data previously collected by other cruises. All tracks surveyed after 1972 were 
controlled by the satellite navigation fixes and the accuracy of position is usually better 
than | nautical mile. Detailed bathymetric maps were also drawn with results of these 
cruises. The basin between 27°N and 33°N in latitude was particularly well surveyed. 

In this article we will present an identification of magnetic anomalies based upon 
these newly obtained results. Magnetic structure of the eastern part of the basin, partic- 
ularly around the Kinan Seamount Chain can be properly understood with our detailed 
magnetic and bathymetric maps. Some tectonic implications of the results to the evolu- 
tionary history of the Shikoku Basin are then postulated. 


2. Topographic Features of the Shikoku Basin 


Figure 2 represents a topographic map of the basin between 27°40’N and 30°40’N 
which was contoured by ourselves using bathymetric data along the ships’ tracks the same 
as used for magnetic analysis. Addition of other results would not substantially change 
the topography of the basin, as density of the data used for this mapping is sufficiently 
high. In contrast topography of the Kyushu-Palau and Shichito-Iwojima Ridges in 
this map is only provisional and should be greatly modified by more detailed survey and 
collection of additional reliable information. 

General topography of this basin clearly indicates a lineated feature trending nearly 
parallel to the trend of the Kyushu-Palau Ridge. Parallel ridge and trough sequences 
are distinctly recognized in the basin having an average water depth of about 4,500 m. 
Maximum water depth of troughs exceeds 5,500 m, while the crests of ridges are shallower 
than 4,000 m. It is thus implied that this basin was formed under an extensional stress 
perpendicular to its linear trend, as postulated by Karic (197la, b) with the Parece Vela 
Basin and the Mariana Trough. 

Distribution of sediments revealed by seismic reflection profiling along the same 
survey tracks has been published by Muraucui and AsaNuMA (1977). Thickness of sedi- 
ment cover decreases towards the south and generally amounts to 300 to 500m in the 
central zone of the basin except for small sediment ponds. There exist thick sediment 
wedges on both margins of the basin. A multichannel seismic profile between 29°29’N, 
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Fig. 2. A detailed topography of the Shikoku Basin between 27 °40’N and 30°40’N. Contour interval: 
2,500 m. 
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Fig. 3. Seismic reflection profile of the Shikoku Basin nearly perpendicular to the basin axis. Survey 
by Kaiyo-Maru of the Japan Petroleum Exploration Co., Ltd. (IPOD-Japan, 1977). Unprocessed 
record. 


137°49’E and 28°52'N, 135°40’E (IPOD-Japan, 1977) shows that the sediment structure 
in the central zone of the basin is generally concordant with the morphology of acoustic 
basement so that study of bottom topography alone would reveal tectonic patterns of the 
basin formation. No evidence of the present tectonic activity of the basin is seen in the 
profile (Fig. 3), although apparently deformed sediment reflectors in the lower levels of 
layer one above the acoustic basement may possibly indicate some tectonic movement 
after the formation of the basin. 

A chain of seamounts called the Kinan Seamount Chain occurs in the eastern part of 
the central zone in the basin, as seen in Fig. 2 and other topographic maps. Some of the 
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Fig. 4. Magnetic anomaly profiles in the Shikoku Basin used for the present analysis (KOBAYASHI 
and Naxapa, 1977). 
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seamounts, for example, one located at 30°15’N, 136°40’E: Daini-Kinan Seamount and 
one at 28°00’N, 137°40’E: Hakuho Seamount (tentative name) are as large as those 
occurring in the Mid-Pacific seamount region. Apparently the seamounts in the Shikoku 
Basin compose a chain roughly parallel to the trend of the basin but the topographic 
highs are not so continuous as those in the mid-oceanic ridges. Each seamount is sepa- 
rated from the adjacent ones by deep moats to form segmented alignment of topographic 
highs. ‘Their crests are not located on the geometric axis of symmetry of the basin but 
are appreciably off-centered towards the eastern margin. 

A large boulder of pillow basalt was collected by dredge haul from the crestal area of 
the Hakuho Seamount. Chemical and mineralogical composition of the rock indicates 
that it is quite similar to that of the abyssal tholeiites (Tokuyama and Fuyroxa, 1976) and 
different from rocks derived from hot spots and island-arc volcanoes. The origin of the 
Kinan Seamount Chain should therefore be explained as a specific stage of seafloor spread- 
ing in the Shikoku Basin. Fossils of nannoplankton contained in the ferromanganese 
coating and vesicles of the rock sample have been identified to be of late Middle Miocene 
(12-14 mybp), which provides the minimum age limit of eruptions at the Hakuho Sea- 
mount (Uchio, private communication). 


3. Magnetic Lineations 


Our magnetic analysis wholly relies upon a recently published 1/1,000,000 map of 
magnetic anomaly profiles of the Shikoku Basin (Kosayasur and Naxapa, 1977, Fig. 4). 
As the spacing of two adjacent profiles is generally less than 10 nautical miles which is 
much shorter than wavelengths of the local magnetic anomalies, profile to profile correla- 
tion of magnetic anomalies can convincingly be done. 

Figure 5 shows six selected profiles of anomalies projected on a line perpendicular to 
the trend of the basin. Their correlation with a model profile simulated using standard 
polarity time scale (BLAKELY, 1974; LaBrReEcQuE et al., 1977) between 18.5 and 27 mybp 
is also shown on an assumption of two-limb symmetric spreading. Correlation is generally 
satisfactory. Characteristic shapes of anomaly 6, 6A and 6B can be identified on both 
sides of the basin. 

In the southwestern portion of the surveyed area the lineation pattern and age identi- 
fication proposed by Warts and Welsset (1975) seem to be the most acceptable. In 
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this article we further extended it towards north with additional data. No fracture zones 
offsetting these lineations can be recognized. Magnetic anomalies in the eastern portion 
of the basin are somewhat irregular but still correlatable in the areas where magnetic 
observations on sufficiently close survey tracks are available. Correlation of anomalies 
without offsets seems to be also possible in this zone. 

The most complex is the east-central zone surrounding a chain of seamounts and 
associated moats. In addition to localized magnetic anomalies caused by topography of 
seamounts, magnetic lineations seem to be disrupted in some places in this zone. A 
detailed survey was carried out in a 1°X1° rectangular area surrounding the Hakuho 
Seamount. A couple of positive and negative circular anomalies is superimposed on the 
linear magnetic anomalies around the crest of the seamount. If this couple of positive 
and negative anomaly circles is due to magnetization of the seamount, overall direction of 
magnetization of this seamount is reversed with moderate inclination. The reversed 
polarity of rock is quite likely to occur because the crest of seamount is situated in a linear 
strip of negative magnetic anomaly. 

Correlation of adjacent linear anomalies appears to be still possible, if the survey is 
so much in detail. Magnetic lineations in an area surrounding the seamount are seg- 
mented by right-lateral faults trending NE-SW. Amount of offset is about 20 to 30 km. 
The same size of offset can be found in the basement topography near the seamount. It 
must be noted that neither magnetic nor topographic offset is extended to the marginal 
zones of the basin. ‘The faults are truncated at the boundaries between the central zone 
and both margins defined by linear anomalies. 

Figure 6 represents aerial distribution of magnetic isochrons in the Shikoku Basin 
thus postulated. This pattern differs from the previously proposed ones in a point that 
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Fig. 6. Magnetic isochrons in the Shikoku Basin. 
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the fractures are existent only in the central zone. Anomalies on both margins can be 
smoothly correlated and seem to be symmetric in respect to the geographic axis of sym- 
metry of this basin, as far as the proposed identification of anomaly is valid. T.-C. Shih 
postulated similar patterns of fracture zones ( private communication, 1977), although 
his identification of anomalies is different from that proposed here. 

According to the present identification of anomalies anomaly 6’ (approximately 
22 mybp) is the boundary between undisrupted margins and fractured center. In the 
fractured center anomalies are hardly identifiable and appear to be asymmetric. As- 
suming that there existed no hiatus in opening of the basin, the youngest isochron may be 
anomaly 5D (17 mybp) or 5C (16 mybp). Presumed axis of symmetry for these anom- 
alies is, in some parts, off-centered from the geometrical axis of the basin. Tectonic 
significance of this catastrophic jump of spreading axis in the inter-arc basin will be 
discussed in a later section of this paper. 

In both margins of the Shikoku Basin anomalies 7 to 6C pinch out in succession from 
north to south, as Watts and WessEL (1975) pointed out with the western margin only. 
We confirmed that the same configuration of anomalies occur in the eastern margin as 
well. Such a pattern of anomalies indicates that the basin began opening at its northern 
end and the rifting propagated longitudinally from north to south with a rate of approxi- 
mately 10 cm/year. 

Except for these margins and fractured center, rate of spreading are quite uniform 
on both sides of the axis. Distances of identifiable anomalies from the geometrical axis 
of the basin versus magnetic ages of anomalies are shown in Fig. 7. Half spreading rates 
are 4 to 6 cm/year between 26 and 22 mybp and decrease to about a half (2-3 cm/year) 
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in the later stage. Rates after 18 mybp (anomaly 5E) seem to be variable with time and 
space. 

Spreading rates in the southern portion (around 27°N) are nearly equal to those in 
the northern part of the basin within a statistical fluctuation. This result indicats that 
separation of two ridges is essentially a parallel movement relative to each other. On 
a sphere such a motion is equivalent to a rotation around a pole 90 degree far from the 


sites. 


4. Alternative Models for Opening of the Shikoku Basin 


Warts and WeEissEL (1975) once postulated a one-limb spreading model to explain 
the magnetic lineations in the Shikoku Basin. Simulated anomalies based upon the one- 
limb model are reproduced and compared with those calculated from the present model 
in Fig. 8. Apparently correlation of simulated anomalies with observed ones appears to 
be also good in one-limb model, since the pattern of magnetic reversals between 18 and 
11 mybp is, just by chance, similar to the mirror image of the reversal pattern occurring 
between 26 and 18 mybp. It is hard to judge which model is better fitted to the observed 
pattern by anomalies alone. 

Paleontological age of the lowest recovered sediments obtained at the DSDP site 442, 
leg 58 (21 my) is quite consistent with the present models, regardless whether the spread- 
ing is symmetric or one-limbed, since the site is located in the western part of the basin 
(DSDP Screntiric Starr, Lec 58, 1978; KLEIN et al., 1978). On the contrary age of 
sediments above the acoustic basement at DSDP sites 443 and 444 are 14 to 17 mybp 
which is apparently discrepant with magnetic ages of the symmetric model. It appears to 
be agreeable with the one-limb model age. However, the recovered sediments are only 
those above intrusive sills at the latter two sites and cannot provide the spreading ages. 
At site 442 sediments interbedded between sills and pillow basalts were collected and 
supplied for the paleontological dating which showed 3 to 5 my time difference between 
sediments above the pillow basalts and intrusive sills. 

Major difficulties of the one-limb model are: (1) Axial zone with irregular anomalies 
and rugged topography cannot be reasonably explained; (2) A rectangular area in the 
northeastern corner cannot be regarded as a rifting wedge, which could be interpreted in 
the symmetric model as described above. The basement ages of DSDP sites 449 and 
450 drilled on the western and eastern parts of the Parece Vela Basin indicated validity 
of the symmetric spreading model (DSDP Scientiric Starr, Lec 59, 1978). Ages of 
sites 53 and 54 located on the eastern part of the basin are also consistent with the spread- 
ing of the Parece Vela Basin in harmony with the opening of the Shikoku Basin. It is 
therefore the most reasonable to assume that the opening of the Shikoku Basin was sym- 
metric and synchronous with the Parece Vela Basin situated in its southern extension. 

Some other models of spreading may be possible if we assume asymmetric opening 
but they will be disregarded hereafter because of this reasoning. 


5. Evolutionary History of the Basin and Its Tectonic Implications 


Age identification of magnetic anomalies as shown in Fig. 6 indicates that the Shikoku 
Basin opened through three different stages; (1) rifting between the Kyushu-Palau and 
Shichito-Iwojima Ridges, (2) parallel spreading of the Shikoku Basin, (3) more irregular 
opening, formation of seamounts and post-spreading intrusion. 
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Fig. 9. Schematical illustration of propagation of 
rifting in the Shikoku Basin in a shape of a 
wedge front. 


Rifting began at approximately 30 mybp from the northern boundary of the ridges 
at which the present Nankai Trough subduction zone intersects with the ridges and the 
basin. The rifting propagated towards south in a shape like a wedge front (Fig. 9). 
Such a shape of the rigid matters is unstable, as an infinite stress may be concentrated at 
the acute-angle wedge to cause propagation of rifting. The anomaly ages show the speed 
of southward propagation was approximately 10 cm/year. Similar growth of rifting in 
the initial stage of break-up of plate has been postulated with the South Atlantic (WRIGHT, 
1968; BurKxe, 1976), the Gulf of Aden (McKenzie e¢éf al., 1970) and the African Rift 
Valley (MaasHa and Moxnar, 1972). 

At about 25 mybp the rifting reached a latitude of 25°N. ‘The Parece Vela Basin 
was very likely to start rifting from its south end, although no distinct magnetic evidence 
is available there due to low latitude of the basin. The rifting of both basins got together 
probably around 25°N. 

It must be noted here that the rifting of the Shikoku Basin (and possibly the Parece 
Vela Basin as well) began about 10 my after the Pacific plate changed its direction of mo- 
tion. Prior to 42 mybp the Pacific plate moved northwards in a direction nearly parallel 
to the trend of the Kyushu-Palau, Shichito-Iwojima Ridges so that no subduction occurred 
along the ridges. Great amount of subduction possibly proceeded along the southwestern 
Japan and caused opening of the Japan back-arc basin in this stage of plate motion. 

After the Kyushu-Palau and Shichito-Iwojima Ridges were completely rifted, two 
ridges were separated further by parallel spreading of the Shikoku Basin. Rate of opening 
was nearly 4 cm/year (half rate) which is intermediate between that of the East Pacific 
Rise and that of the Mid-Atlantic and Mid-Indian Ridges. The spreading axis was not 
offset by transform faults but linear and continuous. Magnetic lineations formed in this 
stage are symmetric and most recognizable. 

Spreading became more irregular at about 22 mybp (magnetic anomaly 6’). Spread- 
ing rate decreased to nearly a half of the previous value. Because magnetic anomalies 
are generally disrupted in this zone, it is rather difficult to identify their ages. Neverthe- 
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less, offsets of magnetic lineations are clearly recognized. If the spreading is still sym- 
metric, equivalent amount of offsets of the accreting axis associated with transform faults 
should be assumed. Such a transition of axis configuration implies a jump of spreading 
axis at about 22 mybp. Similar discontinuous jumps of spreading center have been sug- 
gested with the northeastern Pacific (HARRISON and ScuaTER, 1972; SHrH and Mo.unar, 
1975), the east-central Pacific (ANDERSON and SCLATER, 1972; Herron, 1972; HaAnp- 
SCHUMACHER, 1976), Galapagos area (Hey and Vocr, 1977) and the Atlantic north of 
Iceland (Jounson and Hexzen, 1967; Vocr et al., 1970). Local migration of spreading 
center has also been postulated (BLAKELY, 1975). 

It seems reasonable to assume the second jump of the spreading axis in the Shikoku 
Basin to cause seamounts and moats in the central zone. Detailed examination of topo- 
graphy indicates that the seamounts and moats were formed under an extensional stress 
perpendicular to the trend of the basin in a similar manner to the formation of general 
microtopography of the basin. Origin of the seamount chain is, therefore, closely related 
to spreading of the basin rather than to hot spots or orogenic activity. A lack of the mir- 
ror images of the seamount topography in the western side of the basin indicates that the 
spreading axis producing the seamount chain should have existed on the seamounts them- 
selves in the latest stage of spreading. 

It is very likely that such jumps and the irregular behavior of spreading axis have 
caused complex stress in the older rigid oceanic lithosphere, particularly in the trenchward 
(eastern) side of the basin. At some spots where stress was extraordinarily concentrated, 
local cracks may have been generated to cause intrusions of magma forming sheets or 
sills. Sites 442, 443 and 444 of DSDP Leg 58 in the Shikoku Basin revealed occurrence 
of many post-spreading intrusions at periods (14 to 17 mybp) slightly after the spreading 
ceased (KLEIN et al., 1978). The result of drilling appears to be quite consistent with the 
present explanation of the evolutionary history of the basin. 

Magnetization of the post-spreading intrusives takes a part as a noise in the observed 
magnetic anomalies. ‘Thermal and chemical influence of the intrusive rocks on the pre- 
viously seated materials may also disturb the original magnetic lineations recorded in the 
regularly accreted oceanic crust. Less remarkable linearity in the eastern portion of the 
Shikoku Basin can be explained by greater degree of off-ridge activity compared to the 
normal ocean and the western part of this basin. 

Sudden decrease in spreading rate and abnormal behavior of the accreting axis in 
the late stage of opening in the Shikoku Basin may possibly be attributable to the distance 
of the axis too far from the down-going slab which supplies magma and heat to the spread- 
ing axis. At 22 mybp the geometrical axis of the basin was situated at a distance of about 
500 km from the trench. If the subduction angle was 45° as observed with usual subduc- 
tion zone such as the Japan and Kuril trenches, the upper surface of sinking lithosphere 
was 500 km deep beneath the spreading axis. Distances exceeding this amount may be 
too large to supply magma and heat unless a special channel of magma or heat conduit 
exists. 

In the Mariana Trough the pattern of spreading appears to be more irregular than 
in the Shikoku Basin or other similar inter-arc basins throughout the whole basin of the 
“trough,” although it is young and may be still opening (Karic et al., 1978). Difference 
between the Mariana Trough and the Shikoku Basin is that the subduction angle along 
the Mariana Trough is very steep and its accreting axis is already far from the source of 
magma and heat. 
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Magnetic data obtained during the period of the Geodynamics Project by various in- 
stitutions are compiled and a new distribution map of magnetic anomaly lineations is 
proposed for the northwestern Pacific Basin and in the north Philippine Sea. 


I. Magnetic Anomaly Lineations in the Northwestern Pacific Basin 


Magnetic anomaly lineations in the northwestern Pacific Basin were reported by 
Uyepa et al. (1967), Larson and Cuase (1972), Isezaxi (1973) and Hixpe et al. (1976). 
We have recompiled these existing magnetic data with those obtained during the Japanese 
Geodynamics Project as shown Figs. | and 2. Some features of the magnetic lineations 
shown in Fig. 2 are apparently different from those by HiLpE et al. (1976) which are shown 
in Fig. 3. In the area off the Japan trench (35°-42°N, 144°-150°E), the strike of linea- 
tions of anomalies M6 to M15 is ENE (oblique to the strike of the Kuril trench) in Fig. 2, 
while it is almost NE, just parallel to the strike of the Kuril trench in Fig. 3. The three 
long lineations are recognized parallel to the Kuril trench off the Kuril trench (149° 
158°E) in Fig. 2 but there is none of such lineations in Fig. 3. In the area off the Bonin 
trench (27 °-32°N, 144°-152°E), there is the abrupt change of the strike of lineations, that 
is, ENE in the north of 32°N latitude and NE in the south as shown in Fig. 2 (IsEzAx1, 
1976), while in Fig. 3 this feature is very vague. Huxpe et al. (1976) identified many off- 
sets of lineations and we reexamined these offsets with new available data and came to 
a conclusion that two offsets in Fig. 3, one whose northern end is at the Kuril trench, 155°E 
and whose southern end at the Shatzky Rise, 160°E, and the other whose northern end is 
at the southern end of the Shatzky Rise, 158°E and whose southern end at 26°N, 155 °K, 
do not exist, and the further detail magnetic surveys should be necessary to identify con- 
fidently many other offsets in Fig. 3, especially in the area off the Japan trench. 


2. Magnetic Anomaly Lineations in the North Philippine Sea 

Magnetic anomaly lineations in the Shikoku Basin in the northern part of the Philip- 
pine Sea, have been studied by Tomopa et al. (1975), Watts and WEIssEL (1975), Kosa- 
yasut and Isezaxr (1976) and Warts ef al. (1977). We compiled magnetic data obtained 
during the Geodynamics Project period and obtained one of possible interpretations of 
lineations as shown in Fig. 4. The characteristic feature of this tentative lineations is that 
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Fig. 3. Geomagnetic total intensity anomaly lineations from Hine et al. (1976). 


the lineations have no clear offset and appear to extend further south, at least to 25°N 
latitude. 


We found lineations which run east-west in the area between the Amami plateau and 
the Daito ridge. Details are shown in Fig. 5. 


Fig. 1. Distribution of magnetic data. Magnetic anomaly profiles are projected on the shiptracks. 


North side is positive. Notice that the scale of the amplitude of anomaly in the Japan Sea is about 
three times as large as in other seas. 


Fig. 2. Geomagnetic total intensity anomaly lineations in the northwestern Pacific basin. Solid lines 
represent the lineated positive anomalies. 
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Fig. 5. Geomagnetic total intensity anomaly lineations and profiles in the Amami plateau and the 
Daito ridge area. The solid lines are track lines and the broken lines represent lineations. /\ in- 
dicates a seamount. 
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The Izu-Bonin arc joins with Honshu at the Fossa Magna where pre-Miocene terrains 
bend in a cusp form. The Miocene terrains in the region also have a northward-convex 
structure north of the Izu Peninsula. Moreover, highly compressive deformation, Quater- 
nary strong uplift and anomalous trajectories of crustal stress axes also characterize this 
region. 

These features of central Honshu at the junction are explained well by assuming that 
a north-south trending plate boundary has been located off central Honshu since the late 
Cretaceous. The bend of the terrains was formed for the most part in the early Tertiary 
by buoyant subduction of aseismic ridges lying along the north-south trending transform 
fault. 

The Izu-Bonin arc, which was developed along this transform fault, has been dragged 
northward by oblique subduction of the Pacific plate and underwent subduction beneath 
central Honshu during the late Tertiary. In the early Quaternary, the Izu Block (the Izu 
Peninsula) of the Izu-Bonin arc collided with central Honshu and is pushing it north- 
northwestward. It is very likely that the triple junction off central Honshu has been 
located at its present position relative to Honshu since the late Mesozoic. 


I. Introduction 


The main geologic terrains of the Japanese Islands bend sharply to form a cusp at the 
Fossa Magna, central Honshu, where the Izu-Bonin arc joins with it. Kosayasni (1941, 
p. 429) explained the Cretaceous deformation of Honshu at this bend by a difference of 
resistance or a subaqueous obstacle lying in front of Honshu shifting oceanward at that 
time. Enara (1953) ascribed the bend to a north-northwestward pushing of his “‘Shichito 
Batholith” against central Honshu since the Miocene. These earlier ideas have been 
followed by recent analyses from the plate tectonic viewpoint. Uyeda (Marsupa and 
Uyepa, 1971) considered the curved Tertiary structure in the South Fossa Magna as 
a result of pushing of the Izu-Bonin arc. Sucimura (1972) delineated the northeastern 
boundary of the Philippine Sea plate inland north of the Izu Peninsula, in which the north- 
ward shift of the Izu Peninsula was estimated at 10-30 km during the past 0.3-0.5 my. 
Kaizuxa (1975) interpreted the geomorphological features in the region as an effect of 
northward shift of the Izu-Bonin arc by dragging of the Pacific plate and proposed a narrow 
plate, “the Izu Inner Bar” moving to the north relative to the Philippine Sea floor. As 
for the pre-Miocene bending of Honshu, Matsupa (1976, 1977) attributed it to the buoyant 
subduction of aseismic ridges beneath central Honshu in the early Tertiary. 

This paper outlines the geologic history and structure of the region and attempts to 
interpret them in terms of the plate tectonic evolution around Japan. 
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32° Fig. 1. Central Honshu showing the bend of pre- 
Miocene terrains (after YosHmpa, 1975). Solid 
belt indicates Chichibu belt and Sambosan belt 
of Paleozoic to early Mesozoic age. 


‘ Fossa Magna 


Fig. 2. Left-lateral offset along the Akaishi Tectonic Line 
(A-A’) west of the Akaishi Mountains (after Marsusut- 
MA, 1973). For location, see Fig. 4. @, Sanbagawa zone 
(Paleozoic) ; @), Chichibu zone (Paleozoic to early Meso- 
zoic); (8), Shimanto zone (Cretaceous to early Tertiary) ; 
M.T.L., Median Tectonic Line; I-S, Itoigawa-Shizuoka 
Tectonic Line. 


2. Pre-Muiocene Bending of Central Honshu 


As shown in Fig. 1, pre-Miocene terrains are sharply convex northward in central 
Honshu. It has been known that the bend structure is associated with a left-lateral fault 
on its western wing. ‘The left-lateral fault trending north-south to the west of the Akaishi 
Mountains, called the Akaishi Tectonic Line, offsets the Cretaceous-Paleogene Shimanto 
and the older terrains about 60 km (Kimura, 1961; Marsusuima, 1973) as shown in 
Fig. 2. Since Miocene rocks have not been subjected to significant offset by this fault, the 
faulting took place mainly before the Miocene. The right-lateral fault trending NW-SE 
northeast of the Kanto Mountains, called the Kanto Tectonic Line, was postulated to 
account for more than 100 km of offset of pre-Miocene terrains between the Kanto Moun- 
tains and northern Japan (Kopayasut, 1941). This tectonic line, or the Kashiwazaki- 
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Choshi Tectonic Line (Fig. 4) proposed by YAMAsHITA (1970), shows no evidence of fault- 
ing in the Miocene and later times. 

Although the early phase of the bending may have occurred in the Late Mesozoic or 
Middle Mesozoic (Kosayasui, 1941; Hayama and Yamapa, 1973; Martsusuima, 1973; 
Hara and Hinz, 1974), the left-lateral and right-lateral faulting mentioned above imply 
a contemporaneous northward movement of a block between the two tectonic lines in the 
early Tertiary, resulting in bending of the terrains. This bending would have been 
associated with bending of the subduction zone which then existed along the South coast 
of Honshu. Buoyant subduction proposed by Vocr (1973) seems to be able to explain the 
bending of the subduction zone and adjacent continental crust. 


3.  Mhuocene Subsidence and Metamorphism in the South Fossa Magna 


A Miocene sedimentary zone (the South Fossa Magna) lies on the ocean side of the 
Shimanto zone, where marine volcanic and clastic sediments more than 10 km thick were 
deposited probably on the ocean floor. These rocks in the South Fossa Magna, together 
with rocks of the Shimanto zone, have been strongly folded, partly overturned, and thrust- 
faulted to form west- or north-dipping imbricate structures. In this region, the degree of 
deformation for Miocene rocks is the highest among the provinces of Japan (MaTsuDA 
et al., 1967). The trend of depositional troughs in this zone and their deformational 
trend are subparallel or slightly oblique to those of the Shimanto zone and form a north- 
ward convex arc around the Izu Peninsula (Fig. 3). One of the most remarkable sedi- 
mentary troughs closest to the Izu Peninsula (the Ashigara belt of subsidence) extends 
to the present Suruga trough to the southwest and the present Sagami trough to the 
southeast, both troughs being thought to be the present plate boundary between the 
Philippine Sea plate and the Asian plate (SucimmurRA, 1972). This present tectonic situa- 
tion of the region as well as the nature of Miocene geosynclinal sedimentation with buried 
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Fig. 3. Curved axes of uplift and subsidence of Miocene 
terrains in the South Fossa Magna around the Izu 
Peninsula, central Honshu (MartsupA, 1962). Horizontal 
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(Akaishi and Kanto Mountains and Mineoka area in 
central Boso Peninsula). 
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metamorphism up to the pumpellyite-prehnite facies in the region seem to indicate that 
the region was a continuously subsiding basin located along the subducting plate boundary 
lying off Honshu. ; i ; é 

Chrystalline schists of actinolite-greenschist facies and higher grade facies derived 
from the Miocene formations are exposed in a zone of uplift (the Tanzawa Mountains) in 
the South Fossa Magna (Sexi é¢ al., 1969). This metamorphism would have been caused 
by dragging down to depth and shearing of the curst due to the subducting oceanic plate 
in the Miocene. The nature of the metamorphism, however, is not a high pressure low 
temperature type. The region was an area of active volcanism and plutonism at that 
time. High P/T conditions cannot be expected there due to the thermal effect of the 
magmatism. 

The present curved structure of the Miocene sedimentary trough and fold axes (Fig. 3) 
is inferred to have been formed for the most part not after the deposition (post-Miocene), 
but before it. The paleocurrent analysis for the middle Miocene turbidites laid down in 
a north-south trending trough (the Fujigawa area) in the western part of the South Fossa 
Magna indicates that much coarse debris from the Kanto Mountains came from the east 
(Matsupa, 1958). If the present N-S trend of the sedimentary trough was a result of 
post-depositional anticlockwise rotation, the coarse debris carried from the Kanto Moun- 
tains would have to have been brought to the trough from the south at that time, a 
rather improbable situation. From this and from the small amount of northward inden- 
tation of the Izu Block since its collision as mentioned later, it appears that the Miocene 
sedimentary troughs were developed originally in a sinous form on the oceanic side of the 
already-curved pre-Miocene terrains. 


4. The Izu Block and the Miocene Volcanic Front 


The Izu Peninsula area, here called the Izu Block (Fig. 3), is different in structure and 
history from the main part of the South Fossa Magna (Martsupa, 1962). After the regional 
subsidence and deposition in the Miocene, the South Fossa Magna basin north of the Izu 
Block was differentiated into several belts of uplift and subsidence, the latter having 
received much coarse debris from the former in late Miocene and Pliocene, while the Izu 
Block remained stable and was subjected only to block faulting. Overlying the early 
Miocene volcanics and volcaniclastic sediments, there had accumulated thick late Miocene 
volcanic piles comprising pillow lavas in the Izu Peninsula. Quaternary subacrial 
volcanoes rest on them. No coarse clastic materials derived from the older terrains are 
found. The Izu Block seems to have been a composite volcanic island since the Miocene. 

Rocks of the Miocene volcanism in the South Fossa Magna are characterized by 
a chemical polarity in which alkali content increases westward. In the Tanzawa and 
Izu areas to the east the rocks are dominantly of tholeiitic suites. In the areas to the west 
they are dominantly high alumina basalt and alkali olivine basalt. This polarity in 
chemistry as well as the geographical distribution of the Miocene volcanics indicates that 
the Miocene volcanism was part of the arc volcanism related to the west-dipping subduc- 
tion of the Pacific plate beneath the eastern Japan-Izu-Bonin arcs. 

It is noteworthy that the Miocene volcanic front of Honshu extends southward 
smoothly to the eastern margin of the Izu Block, running to the east of the Tanzawa 
Mountains (Fig. 4). This smooth continuity of the Miocene volcanic front from the 
main part of Honshu to the Izu Peninsula, and the resemblance in rock appearance and 
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Fig. 4. Tectonic map of central Honshu and the northern part of Izu-Bonin 
arc, showing highly deformed region, major faults, stress trajectories and 
volcanic fronts. Stippled area, highly deformed area (South Fossa Magna) 
in late Tertiary and Quaternary; thin dash and dot lines, trajectories of 
maximum compressional axes in Quaternary (slightly modified from 
Marsupa, 1977); hatched area, Neogene volcanic field (after Issurx1 et al., 
1968); open circles, Quaternary volcanoes; solid thick lines and broken 
lines, major faults. A-A’, Akaishi Tectonic Line; I-S, Itoigawa-Shizuoka 
Tectonic Line; I-I’, Izu Toho Line (Isurpasut, 1978); K-C, Kashiwazaki- 
Choshi Line (YAmasuira, 1970); M.T.L., Median Tectonic Line; N-N’, 
Nishi-Shichito Fault Zone (Moai, 1972; Katzuxa, 1975). Small arrows 
indicate sense of motion in Quaternary. Open arrows indicate sense of 


motion in early Tertiary. 
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in chemical composition between the Tanzawa Mountains and the Izu Block seems to 
indicate that the Izu Block has been located at the same place relative to the Miocene 
volcanic front in central Honshu since the Miocene. This inference precludes the hypo- 
thesis of eastward migration of the Izu-Mariana arc to its present position from south of 
Kyushu. If the Izu-Mariana arc came from south of Kyushu, the present fit in position 
between the Miocene volcanic front in Honshu and that of the present Izu-Bonin arc 
would have to be regarded as a coincidence. In the following discussion, I assume that 
the Izu-Bonin arc and the incipient ridges were located originally to the south of central 
Honshu in the Miocene and earlier periods. 

Thus, the South Fossa Magna in the Miocene had a dual character: the area was an 
active subsiding belt parallel to the Shimanto Belt, and was part of an active volcanic belt 
parallel to the Izu-Bonin trench. 


5. Quaternary Compressional Features 


The South Fossa Magna in the Quaternary has strong compressional features with 
an anomalous orientation of the crustal stress field. As shown in Fig. 4, trajectories of the 
maximum compressional stress axes of the region distribute in a fan-shape extending from 
the northern end of the Izu Block. The major faults northwest of the Izu Block, such as 
the north-south trending Itoigawa-Shizuoka tectonic line and other parallel faults are 
west-dipping left-lateral reverse faults, while the northwest-southeast trending faults 
northeast of the Izu Block such as the Sagami trough fault are northeast-dipping right- 
lateral reverse faults, and the east-west trending Kannawa fault and Ogiyama fault to the 
north of the Izu Block are north-dipping thrust faults. Since the Pliocene and Quaternary 
formations are involved in these structures, they are considered to have been formed 
mostly during the Quaternary. 

Another characteristic feature of this region is a strong uplift in the Quaternary. 
The Akaishi Mountains to the west of the South Fossa Magna are one of the highest 
mountain ranges in Japan, having been uplifted in the Quaternary (Kaizuka and Murata, 
1969). Recent uplift of the Akaishi Mountains during the last 60 years, detected by 
precise leveling, exceeds 4 mm/year (DAmBara, 1971), which is the highest value observed 
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Fig. 6. Plate motion and arrangement around Japan. Middle Cretaceous (a) to Qua- 
ternary (d), KU, Kula plate; PA, Pacific plate; PH, Philippine Sea plate. 


in Japan. The marine Miocene rocks deposited in the South Fossa Magna have been 
uplifted as much as 1,500—2,000 m above sea level to form mountains within the South 
Fossa Magna. Exposures of the Miocene chrystalline schist in the Tanzawa Mountains 
indicate a deep denudation due to strong uplift after the Miocene. 

This Quaternary compressive deformation with strong uplift and radial arrangement 
of the maximum stress trajectories in the region can be interpreted as a result of the collision 
of the Izu-Bonin arc against central Honshu in the Quaternary. 


6. Plate Tectonic Interpretation 

For the Late Mesozoic state of oceanic plates, Uyrpa and Ben-AvRraHam (1972) and 
Hive et al. (1977) have postulated a north-south trending great transform fault in the 
western Pacific separating the Pacific plate from the Kula plate in the Late Mesozoic 
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(Fig. 5). This transform fault has played an important role in the tectonic history of 
central Honshu. Here I assume that the north-south trending transform fault proposed 
by Uyepa and Brn-Avrauam (1972) was located to the south of central Honshu instead 
of south of Kyushu. ‘ 

In the middle Cretaceous, the Kula plate was subducting beneath the Japanese Islands 
(Fig. 6(a)). Active sedimentation and deformation had proceeded in the Shimanto belt 
lying along a subduction zone (off-Honshu subduction zone) in the Cretaceous to early 
Tertiary. 

After descent of the Kula-Pacific ridge beneath the Japanese arc in the late Cretaceous 
(Uyepa and Mryasutro, 1974), the north-south trending transform fault west of the 
Pacific plate joined with the off-Honshu subduction zone off central Honshu (Fig. 6(b)). 
Buoyant subduction (Vocrt, 1973: Vocr et al., 1976) of aseismic ridges on the Kula plate 
lying along the transform fault had resulted in bending of the off-Honshu subduction zone, 
which contemporaneously caused a bend of the pre-Miocene terrains in Honshu. This 
bending of Honshu was probably associated with the opening of the Japan Sea (MuRAUCcHI, 
1971) and the anticlockwise rotation (Kawai ¢é al., 1971) of northern Honshu. The 
southeastward shift of Honshu associated with the opening of the Japan Sea had encoun- 
tered the resistance of aseismic ridges south of Honshu, which brought about not only the 
northward-convex bend of pre-Miocene terrains in central Honshu, but also the anti- 
clockwise rotation of northern Honshu along the Kanto Tectonic line as stated by Kosa- 
YASHI (1941). 

Owing to this rotation of northern Honshu, the Mesozoic structure off the Abukuma 
Mountains in the southern part of northern Honshu was truncated obliquely along the 
Japan trench by tectonic erosion due to the subducting Pacific plate (Muraucui, 1971; 
SucimurA, 1972). 

The eastern extension of the zonally arranged, pre-Miocene terrains in central Honshu 
is hardly traceable into northern Honshu beyond the Tanakura shear zone (Otsux1 and 
Eurro, 1978). The deformational history of the eastern half of the off-Honshu subduction 
zone and northern Honshu would have been more complex than that shown in Fig. 6(b), 
as described by Otsuxi and Entro (1978). 

The change in the direction of motion of the Pacific plate 45 my ago from NNW to 
WNW (CracueE and JARRARD, 1973) induced new subduction on the former transform 
faults (UyeDA and Ben-Avranam, 1972). Thus the Izu-Bonin arc-trench system was 
born and abutted to the eastern Japan arc-trench system (Fig. 6(c)). Related arc vol- 
canism has occurred since then along the eastern Japan-Izu-Bonin arcs, crossing the former 
Shimanto zone at the South Fossa Magna. Since the change 45 my ago, the Pacific plate 
has been subducting obliquely along the Izu-Bonin trench. The oblique subduction of 
the Pacific plate has dragged the Izu-Bonin arc to the north by incomplete decoupling 
between them in a manner suggested by Uyeda (Matsupa and Uyepa, 1971) and Fircu 
(1972). Consequently, in the Miocene the Izu Block was approaching the South Fossa 
Magna, where the Izu-Bonin arc was subducting beneath central Honshu, probably 
accompanied by strong subsidence and deposition. The ultrabasic rocks and oceanic 
basalts exposed in the Shimanto zone and in the Miocene terrain in the South Fossa Magna 
region (the Setogawa and Kamogawa areas, Tanaka and Nozawa, 1977, p. 317) might 
have been emplaced by this subduction process. 

If we assume that about one-fifth of the west-northwest movement of the Pacific 
plate, about 2 cm/year, served for the northward shift of the Izu-Bonin arc, the Izu Block 
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was located about 500 km south of Honshu in the early Miocene, namely about halfway 
between the present position of the Bonin islands and the coast of Honshu. 

A fraction of this northward shift of the Izu-Bonin arc might have contributed to 
pushing and bending of central Honshu. However, the effect of the pushing against 
central Honshu in the Miocene appears insignificant because the syn-depositional de- 
formation of the sedimentary basin was relatively gentle as compared with the post- 
depositional (post-Miocene) deformation. 

The Shikoku Basin was spreading in the Miocene (Watts and WeIssEL, 1975, Kosa- 
yAsHI and Isezax1, 1976). The Izu-Bonin arc was split by Karig’s process (Karic, 1971, 
1974) and the western half of the arc migrated westward to form the present Kyushu- 
Palau ridge (Fig. 6(c)). Although the exact direction of spreading of the Shikoku Basin 
is not clear, it is inferred that the spreading direction had been nearly parallel to the trend 
of the Nankai trough, because the late Tertiary tectonism on land in western Japan had 
been very quiet compared with that in the early Tertiary when subduction was proceeding. 
The Nankai trough west of the axis of the spreading center was a plate boundary along 
which right-lateral faulting predominated during the Miocene. 

Thus it is likely that the Izu-Bonin arc on the eastern margin of the Shikoku Basin 
was moving north relative to Honshu by dragging of the Pacific plate, while the western 
part of the Shikoku Basin was moving to the west by inter-arc spreading. According to 
the different movements between the two parts of the plate, there would have developed 
a north-south trending left-lateral shear zone along the western margin of the Izu-Bonin 
arc. The Nishi-Shichito fault introduced by Karzuxa (1975), which is a left-lateral 
Quaternary fault bordering the Izu-Bonin volcanic arc on its western side, would have 
originated in this way in the Miocene. 

The degree of deformation of the Shimanto and Miocene terrains is significantly 
different between the South Fossa Magna and the coastal regions west of it. The differ- 
ence is attributable to the difference in relationships with oceanic plate motions between 
the two regions since the Miocene: The South Fossa Magna region has been a converging 
plate boundary between Honshu and the Izu-Bonin arc (subduction zone in the Miocene 
and collision zone in the Quaternary), while regions to the west were located along a 
transform plate boundary in the Miocene as mentioned above and are not a collision zone 
in the Quaternary. 

In the late Miocene to Pliocene, anomalously thick and coarse conglomerates derived 
from adjacent belts of uplift were deposited and filled belts of subsidence within the South 
Fossa Magna. This indicates the growth of the belts of uplift and subsidence north of the 
Izu Peninsula (Fig. 3), which appears to be a precursory effect of the Quaternary collision 
of the Izu Block. 

In the Quaternary, the Izu Block reached the South Fossa Magna and collided with 
it. Pushing of the Izu Block against Honshu brought about Quaternary compressional 
geologic structures, strong regional uplift and fan-shaped stress trajectories of maximum 
compression in the South Fossa Magna around the Izu Peninsula. Paleogeographically 
speaking, the collision of the Izu Block with the South Fossa Magna took place in the 
early Quaternary as inferred from the fact that a deep marine sedimentary trough (the 
Ashigara trough) had persisted between the South Fossa Magna proper and the Izu 
Peninsula until the end of the upper Pliocene (Macutpa ¢éf al., 1975) or possibly early 


Quaternary (Hasecawa ¢t al., 1975). . 
The direction of movement of the Izu-Bonin arc relative to Honshu is probably about 
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north-northwest as inferred from analyses of the inter-plate earthquakes of 1923 (ANDo, 
1971) and 1703 (Marsupa e¢ al., 1978) along the Sagami trough. The trend of maximum 
pressure axes deduced from intra-plate large earthquakes in the Izu Peninsula (ABE, 1978) 
and from Quaternary faults (KaNEKo, 1964; Marsupa, 1977) and from intrusive dikes 
and parasitic cones of volcanoes (NAKAMURA, 1969) in the region also lies between north 
and northwest. 

The northward movement of the Izu-Bonin arc has been absorbed by subduction 
beneath Honshu along the Sagami and Suruga troughs, but north of the Izu Peninsula 
between these two troughs, it has caused a northward shift of the colliding edge of the 
Izu-Bonin Inner arc. The amount of the northward shift of the Izu Block into central 
Honshu since the collision cannot be estimated precisely because of the lack of reliable 
data on the converging rate between Honshu and the Philippine Sea plate in this region. 
If we assume it is 3 cm/year based on the slip rate obtained by KaNamorr (1972), ANDO 
(1971, 1975), and Seno (1977) from analyses for historic inter-plate great earthquakes 
along the Sagami trough and the Nankai trough, the colliding head of the Izu Block would 
have gone into central Honshu about 30 km during the past | my. ‘This estimate seems 
to be the maximum plausible value, because the converging rate may be much smaller as 
suggested by Marsupa et al. (1978) and because the northward shift has been partly 
absorbed within the Izu Block by intraplate faulting. Moreover, part of the northward 
shift of the Izu Block has been consumed by internal deformation of Miocene terrains 
north of the Izu Peninsula. ‘Thus, only a small fraction of the northward shift of the Izu- 
Bonin arc in the Quaternary may have served to strengthen the cusp structure of pre- 
Miocene terrains in central Honshu. 

As a consequence of the collision of the Izu Block against central Honshu, a new sub- 
duction zone may have begun to develop off the eastern and southern coast of the Izu 
Peninsula (I-I’ in Fig. 4), as discussed by Isurpasui (1978). 

Occurrence of a westward component in the northward movement of the Izu Block 
implies that east-west spreading of the Izu-Bonin arc is occurring, provided that the off- 
Honshu triple junction has remained at its present position relative to Honshu. 


7. Conclusion 


The interpretation of the tectonics of central Honshu presented in previous sections 
leads to the conclusion that the present triple junction off central Honshu has remained 
in the same position relative to central Honshu since the late Cretaceous. In the early 
Tertiary, earlier than 45 my ago (Fig. 6(b)), the triple junction was TTF (a) type of Mc- 
Kenziz and Morcan (1969). If this triple junction was stable and fixed as mentioned 
above, the trend of the off-Honshu transform fault should have been parallel to the move- 
ment of the Pacific plate at the triple junction. The triple junction became a TTT(a) 
type after the change in motion of the Pacific plate in the Eocene. The triple junction 
can still be stable and fixed to Honshu, because the northward movement of the Kula plate 
may have possibly been parallel to the Izu-Bonin trench. During the Miocene, when 
the Shikoku Basin was spreading, the tendency of westward migration of the triple junction 
was compensated by inter-arc spreading behind the Izu-Bonin arc, so that the triple 
Junction stayed there. The present submarine topography at the junction of the Japan- 
Izu-Bonin-Sagami trenches appears to indicate that the triple junction is stable and has 
remained at the present position at least through the Quaternary. Nevertheless, north- 
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ward movement of the Izu Block involves a westward component as mentioned previously. 
These facts imply that spreading with an east-west component has been occurring in the 
Izu-Bonin ridge. 

An alternative hypothesis of the eastward migration of the off-central Honshu triple 
junction during spreading of the Shikoku Basin in the Miocene has been postulated by 
many workers (UyepA and Ben-Avrauam, 1972; Kopayasut and Isezaxt, 1976; HILDE 
et al., 1977; MarsHak and Karic, 1977; Kanamort, 1977), with the exception of Mura- 
uci (1971). Kimura and Kosayasui (1975) and Marsnax and Karic (1977) inter- 
preted the occurrence of anomalously near-trench igneous activity in the outer zone of 
southwestern Japan in the Miocene and its eastward decrease in K-A age (Nozawa, 1968) 
as an indication of eastward migration of the Izu-Bonin arc-trench system. The igneous 
activity, ranging from about 20 to 5 my in age, resulted in small, sporadically distributed, 
acidic volcano-plutonic bodies. However, those rocks seem unlikely to be an earlier 
product of the arc volcanism related to the eastward-migrating volcanic front of the present 
northern Japan-Izu-Bonin arc-trench system, because Miocene volcanic activity has been 
prevailing since early Miocene in the South Fossa Magna, which indicates that the north- 
south trending volcanic front was already located to the east of the South Fossa Magna at 
that time. This minor igneous activity in the outer zone west of the South Fossa Magna 
may be related to a weakened compressional tectonic condition after the cessation of sub- 
duction of the Kula plate beneath southwest Japan in the Miocene. 

Although the problem of whether the Izu-Bonin arc has been fixed or migrated from 
south of Kyushu is still unsolved, the unique geologic structure and its history since the 
late Mesozoic in central Hohshu seem to favor a model in which the Izu-Bonin ridge is 
fixed relative to Honshu since the late Mesozoic. 


I am indebted to Professor Seiya Uyeda and Professor Kazuaki Nakamura for helpful discussions. I 
also thank Dr. Paul Somerville for a critical reading of the manuscript. 
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Dislocation densities of olivine grains in peridotite nodules from Ichinomegata (25 
samples), Sannomegata (18 samples), Oki-Dogo (13 samples), Hamada (3 samples) and 
Takashima (10 samples) were measured for estimating differential stress in the upper 
mantle. The density was in the range of 106-107 cm-2._ The differential stress is estimated 
as 100-300 bars using Kontstepr and Gorrze’s empirical relationship (1974) between the 
dislocation density and the differential stress. Strain rate is inferred from the geotherm of 
the island arc and the flow law of olivine single crystal proposed by Kontstept and GortzE 
(1974) and Duruam and Goerze (1977). Strain rate in the upper mantle from 30 to 
100 km depth is less than 10~15 sec—!, but it is nearly constant around 10-13—10-12 sec—! from 
100 to 200 km depth. 

The convective flow induced by descending oceanic plate is suggested and the velocity 
of the return flow is estimated to be 5cm/year. The return flow of the upper mantle 
toward the trench causes the lateral variation of magma chemistry and the upper mantle 
materials, if partially molten liquid continuously flows out from the moving upper mantle. 
The model in this study gives a relation between the horizontal distance from the volcanic 
front, X, and the concentration ratio of C,1/C1! (C;1; concentration at volcanic front) as 
follows ; 

C,1/Ct=exp(— 6X2), 
in which # and v are the rate of outflow of the liquid per unit volume of the upper mantle 
and the mean velocity of the return flow, and ¢ is a constant. 


1. Introduction 


Convective flow of the upper mantle materials under the island arc induced by sub- 
ducting oceanic plate (SteEP and Toxs6z, 1971) contributes to heat transportation and 
chemistry of mantle materials. Heat transportation by convective flow gives a great effect 
on the temperature distribution and, therefore, the state of partial melting in the upper 
mantle. Convective flow also affects the chemistry of partially molten liquid because of 
continuous outflow of partially molten liquid from the moving mass. ‘They are important 
to the magma chemistry of the island arc, the chemistry of the upper mantle materials, 
and the opening of the Back Arc Basin (SLrEP and Toxs6z, 1971). 

Actual flow can be demonstrated by measuring the differential stress acting within the 
upper mantle, which is estimated from the dislocation density or the subgrain sIze of olivine 
derived from the upper mantle. The experimental relations between the dislocation den- 
sity and the differential stress have been obtained by Koutstepr and Goetze (1974) and 
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Fig. 1. Localities of mantle derived xenoliths. 


Duruam et al. (1977), and those between the subgrain size and differential stress also 
have been proposed by Duruam et al. (1977). Further, decrease of the dislocation density 
in static annealing has been investigated by GorrzE and Koutstept (1973), and Torrumi 
and Karato (1978). Combining these data, the differential stress of the upper mantle 
could be estimated by means of the dislocation density or the subgrain size of the mantle- 
derived olivine grains. 

If we can estimate the differential stress, the strain rate of the upper mantle should be 
inferred by the geotherm and empirical flow law. Thus, the author intends to discuss the 
strain rate and flow in the upper mantle beneath the Island Arc of Japan, based on the 
dislocation density of the mantle-derived olivine in peridotite xenoliths of Japan. Further, 
he proposes a zone refining model of the upper mantle due to the upward outflow of the 
partially molten liquid from the moving upper mantle. The model can interpret the 
lateral variation of magma chemistry of the island arc volcanoes. 


2. Brief Descriptions of Peridotite Xenoliths 


Xenoliths studied here are from Ichinomegata (25 samples), Sannomegata (18 sam- 
ples), Oki-Dogo (13 samples), Hamada (3 samples), and Takashima (10 samples). They 
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are included in alkali basaltic lavas and breccias. Ichinomegata and Sannomegata are 
located in the Northeast Japan Arc, and Oki-Dogo, Hamada and Takashima are in the 
Southwest Japan Arc (Fig. 1). The volcanic rocks including the peridotite xenoliths 
erupted at a time of 0-3 my. Petrology of Ichinomegata peridotite xenoliths has been 
studied by Kuno and Aoxr (1970), Aoxr (1973) and Taxanasut (1976), and that of Oki- 
Dogo by Taxanasur (1976). Petrological studies of Hamada and Takashima peridotite 
xenoliths have been carried out by Fuym (1974) and Osata (1972), respectively. 

Most of the xenoliths are amphibolite, granulite, hornblende gabbro, olivine-pyroxene 
gabbro, spinel lherzolite, hornblende-spinel lherzolite, plagioclase-spinel lherzolite, dunite, 
wherlite, and websterite. It is important that there is a certain difference between the 
Northeast Japan Arc (Ichinomegata, and Sannomegata) and the Southwest Japan Arc 
(Oki-Dogo, Hamada and Takashima). In Ichinomegata and Sannomegata, spinel lher- 
zolite including hornblende is common, but the spinel lherzolite does not contain horn- 
blende at other localities. 

Petrological difference in xenoliths at a single locality probably leads to a layered 
model of the upper mantle. Fuyu (1974) and Taxanasut (1976) have suggested the lay- 
ered model of the upper mantle consisting with spinel lherzolite, dunite and pyroxenite 
layers with ascending order. The upper mantle under Ichinomegata and Sannomegata 
are also considered to be stratified with spinel lherzolite, wherlite, dunite and pyroxenite 
layers (Takahashi, personal communication, 1978). The structure of the upper mantle is 
probably formed through a crystallization differentiation process in the magma reservoir 
within the upper mantle (Fuju, 1974). 

Equilibration temperature of spinel lherzolite has been estimated using orthopyroxene- 
clinopyroxene, olivine-clinopyroxene, and spinel-olivine geothermometers by Fuji (1974) 
for Hamada, Opata (1972) for Takashima, and Taxauasur (1976) for Oki-Dogo and 
Ichinomegata. Most of spinel lherzolite xenoliths show the equilibration temperature 
of 900-1,000°C but pyroxenite xenoliths show that of 700-900°C. ‘This supports the 
layered model of the upper mantle mentioned above. 


3. Dislocation Structure and Density 


Toriumi and Kararto (1978) have recognized two types of dislocation structure of 
olivine grains; one is the cellular type (Fig. 2(A)) which consists of network of simple 
dislocation walls (small angle subboundaries), and the other is the tangled type (Fig. 2(B)) 
which is composed of tangled dislocations without simple dislocation walls. Simple 
dislocation walls are usually (100) subboundary (Fig. 2(C)), (010) (Fig. 2(D)), and (001) 
subboundaries. Most spinel lherzolite xenoliths in Ichinomegata, Sannomegata, and 
Oki-Dogo contain olivine grains of both types (Torrumr and Karato, 1978), but all of 
dunite and olivine pyroxenite xenoliths of Takashima contain only equigranular grains 
of olivine with the cellular type dislocation structure. Cummulate group peridotites 
(Fuyn, 1974; Taxanasui, 1976) contain few grains of the cellular type olivine. 

The cellular type dislocation structure is probably formed in the steady state creep, 
considering that the structure is similar to the dislocation structures of experimentally 
deformed MgO (Hiner and Reppicu, 1973) and LiF (Srres and Reppicn, 1973) in the 
steady state creep. Recent works by Durwam ¢t al. (1977) have also pointed out that the 
steady state dislocation structure of olivine at high temperature creep displays abundant 
(100) subboundaries which are one type of the dislocation walls in the cellular type dis- 
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Fig. 2. Dislocation structures of olivine decorated by oxidation-decoration method of KouisreptT 
and VANDER SANDE (1975). (A) Cellular dislocation structure. (100) and (001) subboundaries 
(dislocation walls) are recognized as the broadly dark lines. (B) Tangled dislocation structure 
without subboundary. Dislocations are tangled with each other. (C) (100) simple dislocation wall 
(small angle subboundary) showing the clear array of dislocation lines. (D) (010) simple network 
of dislocations (small angle twist boundary). 
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location structure in this study. On the other hand, the tangled type structure is probably 
formed in the transient creep, judging from the fact that this structure appears very much 
alike the transient structure in Duruam ¢é al. (1977). Considering that the uppermost 
mantle possesses cummulated layers from liquid, the deformation of such layers may be in 
the transient state. 

Taylor’s equation ¢=aGbJ/o, in which o, p, G, and 6 are the differential stress, 
dislocation density, the rigidity, and the magnitude of the Burger’s vector of olivine, re- 
spectively, is applied to the steady state creep, but not to the transient creep. This 
is because the dislocation density changes during transient creep and acheives a constant 
value in the steady state creep as investigated on olivine single crystals by Durnam et al. 
(1977). 

On the other hand, the subgrain size may provide an indicator of stress as suggested 
by RaveicH and Kirsy (1970) and Duruam et al. (1977). The subgrain size is defined 
by the mean distance between simple dislocation walls (subboundaries). DuruHam e¢ al. 
(1977) have proposed the relation, d=45Gb/o, in which d is the subgrain diameter. As 
the formation of the simple dislocation walls has been considered to be in the steady state 
creep (Torrumi and Kararto, 1978), the relation is also applicable to estimating the stress. 


1000 


A6é bar 


Fig. 3. Observed dislocation density (0)- 
equilibration temperature diagram. 
Differential stress is estimated from 
Kou.stepr and GoeETzeE’s empirical 
equation (1974). Ic, Ichinomegata; Sa, 
Sannomegata; Ta, Takashima; Ok, 
Oki-Dogo; Ha, Hamada; SL, Salt 
Lake of Hawaii; HA, Higashi Akaishi 
dunite mass in Shikoku, Japan (Torr- 

500 c 1000 umt, 1978). 


100 


Table 1. Dislocation densities and subgrain sizes of olivine. 


Locality Dislocation density (cm~?) Subgrain size (um) 
Ichinomegata (25)* 6 x 108-2 x 10? 40-70 
Sannomegata (18) 5 x 108-1 x 107 70-100 
Oki-Dogo (13) 2-5 x 108 100-160 
Hamada (3) 1-3 x 106 120-210 
Takashima (10) 2 x 108-1 x 10? 60-120 
Salt Lake (16) 4 x 108-1 x 10? j 40-60, 7 f 


* Number of xenoliths. 
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The ranges of the dislocation density and the subgrain diameter are listed in Table 
1, and are plotted in the temperature-logarithmic dislocation density diagram (Fig. Se 
The temperature used are the equilibration ones as stated in the previous section. 

The data of spinel lherzolite xenoliths (16 samples) of Salt Lake in Hawaii, of which 
equilibration temperatures have been estimated by McGrecor (1974), are added for 
reference. The figure shows that the dislocation densities and the differential stress of 
studied peridotite xenoliths are plotted in the narrow ranges of 10°10" cm™ and 100- 
300 bars, respectively, and they are quite similar to those of other localities studied by 
Gurcuen (1977). The samples, however, were derived from different positions of the 
earth surface and different depths in the upper mantle under the Island Arc of Japan as 
mentioned above. Therefore, at least in the uppermost mantle the stress is probably 
constant around 100-300 bars, in other words, the stress gradient in the upper mantle is 
quite small. The stress is also in the same order as that in the oceanic plate deduced 


from Salt lake xenoliths (Fig. 3). 


4. Strain Rate 

Creep equation of the single crystals of olivine and peridotite has been investigated by 
CarTEeR and AVELALLEMANT (1970), KoHistepr and GoErTze (1974), and DurHAmM and 
Goetze (1977). Their results have indicated the power-law creep equation for the stress 
in which the power is 2-5. Most reliable data on single crystals of olivine have been pro- 
posed by Duruam and Goetze (1977), and their results showed the power of 3-4. This 
value is quite close to that of the WEERTMAN (1968)’s model of steady state creep. They 
have also clarified that the creep process of olivine single crystals must be governed by the 
dislocation climb process, because independent slip systems have only three components 
and this fact is out of the Von Mises’s criterion (DURHAM and Goetze, 1977). Further, 
the activation energy for the creep process obtained by Koutstept and GoETzE (1974) is 
quite close to that for annihilation process controlled by the dislocation climb (Torrumi 
and Karato, 1978). ‘These facts strongly suggest that the steady state creep of olivine 
single crystal and also polycrystalline aggregates of olivine is mainly controlled by the 
dislocation climb process as stated by WEERTMAN (1970) and Gorrzre and KouistTEDT 
(1973). 

The Weertman type creep law becomes, 

e=Ao3 exp(—(E,+PV*)/RT), (1) 

in which ¢, o, Eo, and V* are strain rate, differential stress, activation energy, and acti- 
vation volume of creep process, respectively. Aisaconstant. Srocker and Asupy (1973) 
have given V*=11—40 cm3/mol, and Ep>=150 kcal/mol, but we assume Eo=125 kcal/mol 
and V*—14 cm3/mol (Karato, 1977). The coefficient A is estimated as 20 sec-! bar-3 
from the least square fitting of DURHAM and Goerzr’s data (1977). The high temperature 
experiments by Koutsrepr and Gortzr (1974) and DurHam and Gorrze (1977) have 
been carried out in the Hy-COg gas mixture, and consequently the creep of olivine crystals 
probably proceeds in somewhat wet conditions. As stated by Griccs (1974) on SiOg 
aggregates, the component OH~! can agitate the glide mobility of dislocations. It still 
remains as a problem whether the component OH-! also affects the climb mobility of 
dislocations, which controls the steady state creep. Climbing of dislocations is made by 
emitting oxygen or vacancy toward other dislocations or by absorbing one (NABARRO, 
1967). ‘Thus, the dislocation climb is governed by diffusion of oxygen. As the diffusivity 
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Fig. 4. Isostress curves under various 
hydrostatic pressures in temperature- 
strain rate diagram. 


of oxygen in crystal probably depends on the concentration of OH™! ion, it is suggested 
that the climb mobility of dislocations, that is, the creep rate is somewhat affected by pre- 
sence of that ion. However, as we have no data on creep equation depending upon the 
content of HO in olivine, it is assumed in this paper that the upper mantle materials con- 
tain some amounts of HgO or that the OH~!-dependence of creep equation is negligible. 

In Fig. 4, the isostress curves calculated from the creep equation are shown in a tem- 
perature versus strain rate diagram for various hydrostatic pressures. In this diagram, 
we also ignore the Nabbaro-Herring and Coble creep which are proceeded by oxygen-self 
diffusion because they are predominant in very low stress and high temperature region 
(SrockerR and Asupy, 1973). It is suggested that the strain rate depends mainly on tem- 
perature but slightly on stress and pressure within the range of variation of them as shown 


in Fig. 4. 


5. Temperature Distribution under the Island Arc 


As stated in the previous sections, the temperature distribution of the upper mantle 
is quite important for calculating strain rate in the upper mantle. The temperature 
distribution under island arc has been simulated using some geophysical constraints by 
Hasese et al. (1970), Toxs6z et al. (1971) and others. They have weighted on the surface 
heat flow of the island arc and the temperature distribution on the surface of the descending 
slab. But, their temperature distributions cannot explain the petrological data on perido- 
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Fig. 5. Temperature distribution under 
island arc. A, Toxs6z et al. (1971); B, 
geotherm used in this paper; C, Ha- 
sEBE et al. (1970). a, wet solidus of 
peridotite by Kusutro e¢ al. (1968); b, 
boundary between plagioclase and 
spinel peridotite; c, boundary between 
spinel and garnet peridotite (KusHIRO 
and YoprEr, 1966). Square shows the 

0 possible conditions of studied spinel 

100 depth km 200 lherzolite xenoliths in Japan. 


log€ sec! 
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Fig. 6. Strain rate distribution in the upper mantle under the Island Arc of Japan. 


tite xenoliths and seismological data. As clarified by Osata (1972), Fuyn (1974) and 
Takanasui (1976), peridotite xenoliths of the Island Arc of Japan are commonly spinel 
lherzolite and plagioclase-spinel lherzolite, and their equilibration temperatures are rang- 
ing from 900 to 1,000°C. As shown in Fig. 5, these data are deviated toward high tem- 
perature regions from the geotherm by HaseseE et al. (1970) under the Back Arc region. 
On the other hand, the geotherm by Toxs6z et al. (1971) is running across the region much 
above solidus of wet peridotite (KusHrro et al., 1968) below 70 km depth. Fuytsawa 
(1968) has deduced the temperature of 1,300-++100°C at 375 km depth near Japan, com- 
bining the experimental condition of spinel-olivine transition and seismological data. 
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In this paper, we use a geotherm B in Fig. 5 of which shallower part is close to ToxKs6z 
et al.’s geotherm (1971) and deeper part to Hasrse et al.’s one (1970). This assumption 
means a high thermal conductivity of the upper mantle compared with that of HasEBE 
et al. (1970) due to rising partially molten liquid. The geotherm B satisfies the surface 
heat flow of 2.0-3.0 HFU. 


6. Strain Rate Distribution in the Upper Mantle 


Strain rate distribution in the upper mantle can be estimated under the assumption 
of negligible effect of partial melting on it. Though a large degree of partial melting, of 
course, can make the strain rate increase, presence of liquid less than some per cents does 
not probably increase the strain rate (STOCKER and AsuBy, 1973). In this paper the strain 
rate of the upper mantle is inferred from the flow law of olivine single crystals proposed by 
Koutstept and Goetze (1974) and DurHaAm and Goetze (1977) as mentioned previously. 
Figure 6 shows the strain rate as a function of depth. An increase of strain rate from 30 to 
100 km depth of the upper mantle is governed almost by the geothermal gradient, but 
below 100 km depth it is affected by the pressure. 

It is important that the strain rate in the upper mantle of 100-200 km depth is rel- 
atively uniform around 10~!8—-10-12 sec-!, and it abruptly decreases with decreasing 
depth. The mantle from 30 to 100 km depth is, therefore, considered as a rigid layer and 
that below 100 km depth is a soft layer. The corresponding Newtonian viscosity, defined 
as y=o/é, of the soft layer is about 1015-10!” poise, and that of the rigid layer is 10!8— 
1028 poise. 

Flow velocity can be inferred under the assumption of laminar flow of the upper mantle 
beneath the Island Arc. The boundary conditions in this study are taken at the Moho 
surface and the surface of the descending slab as follows: 


vx =0 at Moho surface (z=30 km), 


and 

vx——10cm/year at slab surface (¢=200 km). 
Here, we consider the horizontal velocity (vx) toward the trench as a fundtion of depth, 
z. Velocity profile vx (z) is calculated as follows. The mass balance in the mantle wedge 


velocity cm/y 


Fig. 7. A simple model of velocity profile at the reference cross 
section of which depth to the seismic zone is 200 km of the 
upper mantle of the Island Arc of Japan. The drag flow 
induced by descending slab is in the range of 150-200 km 
depth, and the return flow with thickness, L, is in 100-150 
km. 
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Trench 


Fig. 8. A model of convective flow in the upper mantle under the Island Arc. L, lithosphere; A, 
asthenosphere; R, rigid mantle with strain rate less than 10-15 sec~!. Other symbols refer in 
text. 


can be considered at a reference cross section of which depth to the slab surface is 200 km 
(Fig. 7). As stated in the previous sections, the strain rate of the mantle from 30 to 100 
km depth is very small, and it is nearly constant around 10~18—10—!? sec—! from 100 to 200 
km depth. Therefore, the velocity gradient of the mantle flow should be assumed to be 
constant from 100 to 200 km depth. In this case, the drag flow of the mantle by descend- 
ing slab induces the return flow in the shallower mantle as shown in Fig. 7. If the maxi- 
mum velocity of the return flow is v(cm/year), and the thickness of the return flow is 
L (km), we have, 

2Lv=10 (100—L) (mass balance), (2) 
and 

2v/L=10/(100—L) (constant strain rate). (3) 


Combining Eq. (2) with Eq. (3), we obtain 
L=50 km and v=5 cm/year. 


At this time, the strain rate becomes 3 x 10~!4 sec~!, being quite close to the estimated 
strain rate in the earlier section. 


7. Lateral Variation of Magma Chemistry of the Island Are Volcanoes 


The convective flow of the upper mantle under the Island Arc gives a great effect on 
chemistry of partially molten liquid and the upper mantle materials. Considering the 
continuous outflow of partially molten liquid from the moving upper mantle, we can 
easily expect the zone refining of the upper mantle materials. In this section, the simple 
model, in which the liquid supply from the deeper mantle into the moving upper mantle 
is zero, is considered. Rate of the upward outflow of liquid per unit volume of the mantle 
is 8 (year~!) and the concentrations of a volatile component such as K2O are C! in liquid, 
and C* in solid phase (mantle material). It is assumed that the degree of partial melting 
(@) is constant and very small in the moving upper mantle and the velocity (v km/year) 
of the return flow is also constant. Considering C! (x; ¢) and CS (x; t) at the distance, 
x, toward the trench in the two dimensional model as shown in Fig. 8, the concentrations 
at x-+0x becomes C1+6C! and CS8+06CS after dt, and volume of the outflow of liquid with 
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C1 is B6t. Therefore, we get the following equation of mass balance of the component; 
aC1+ (1—a)C8=e@ (1—B6t) (C1+6C1) +Clgat+ (1—a) (l—pot) (CS+6C%). (4) 


Assuming the constant concentration ratio k—=C 8/C1, Eq. (4) becomes, 


dC1/C1=— pest, (5 
with ¢=(1—k—a) /(a@+k). (6 

If @ is very small against k, Eq. (5) becomes 
d= (1/k—1). (7 

Combining Eq. (5) with vit=6x, we obtain, 
6C1/Cl= —Bd6x]v. (8 

Integrating Eq. (8), we have, 

C1/Co!=exp(—B¢x/v), (9 


In which Co! is a constant. 
Therefore, the concentration ratio C;1/C1, in which C;! is the concentration of the volatile 
component in the liquid at the volcanic front, becomes, 

C;1/C1=exp(—¢X/v), (10) 
where X is the distance from the volcanic front, «;—x. 

Consequently, it is suggested that the concentration of a volatile component (k<1) 
decreases toward the volcanic front in the upper mantle materials and in the partially molten 
liquid. Applying Eq. (10) to the lateral variation of magma chemistry of the Island Arc 
volcanism, we must know the rate of upward outflow of liquid and the mean velocity of the 
return flow of the upper mantle. 

According to Nakamura (1974) and Sucimura (1974), the eruption rate of volcanic 
rocks is estimated to be 10-2-10-% km3/year x 100 km in the Island Arc of Northeast Japan. 
Taking the width of the Island Arc of Japan as 200 km and the thickness of the return flow 
as 50 km as discussed in the previous section, the rate of outflow, 8, should be approximated 
as 10-8-10-® year-!._ Consequently, if the mean velocity of the return flow is 10-5 km/ 
year, and the concentration ratio, k, is 0.1 for KO, the amplification factor, /¢/v is in the 
order of 10-2-10- km~!. Figure 9 shows the theoretical changes of K2O-content in liquid 
for various eruption rates. 

HaTHERTON and Dickinson (1969) and Nrexson and SrorBer (1973) have suggested 
that the KyO-content both in basaltic adnesite (SiOg=55 wt%) and andesite (SiO02= 
60 wt%) decreases toward the volcanic front from the Back Arcregion. The lateral vari- 


Fig. 9. Theoretical change of Kz2O-content in the liquid 
against the distance from the volcanic front, and the 
lateral variations of KzO-content in basaltic andesite 
(SiOz=55wt%) of Ryukyus (R), Kurile-Kamchatka (K), 
Java (J), Central America (C), Aleutian (A) and North- 
east Japan (H) (cited from Nretson and STorBer (1973)). 
Abbreviations are follows: C;1; Ke2O-content at the vol- 
canic front, x;—x; distance from the volcanic front. 
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ations of K2O-content in basaltic andesite obtained by them are shown in Fig. 9. It is 
suggested that the range of chemical variation of natural rocks is just in the calculated 
range, and the theoretical change is quite similar to the lateral variation of magma chem- 
istry of volcanic rocks. ’ 

If the lateral change of KgO-content of the Island Arc volcanism can be interpreted 
by the zone refining model discussed here, other components such as FeO, NagO and 
AlsOx, of which the ratio, k, is smaller than 1, should be enriched in volcanic rocks with 
increasing distance from the volcanic front. But, considering that k is close to 1, the am- 
plification factor of such components is less than that of KO by a factor of 10 or less. 
Therefore, the ratio of C;1/C! of FeO and NazO may be less than 0.9 at the distance of 100 
km from the volcanic front. 

Figure 9 also suggests that the eruption rate of island arcs of Java, Kurile-Kamchatka, 
and Ryukyu is less than that of island arcs of Central America, Aleutian, and Northeast 
Japan, if the mean velocity of the return flow of the upper mantle is in the same order. 


8. Conclusion 


The dislocation densities of olivine grains from Ichinomegata, Sannomegata, Oki- 
Dogo, Hamada and Takashima are in the range of 10®-10? cm-?._ The data lead to the 
following conclusions: 

1) The actual differential stress of the upper mantle is in the range of 100-300 bars, 
and it is similar to that of the Pacific Plate deduced from spinel lherzolite xenoliths of Salt 
Lake of Hawai. 

2) The strain rate in the mantle from 30 to 100 km depth is less than 10-15 sec~1, 
and it is constant around 10~!3—10~2 sec~! from 100 to 200 km depth. 

3) Convective flow is inferred and it is composed of drag and return flow induced by 
descending slab. 

4) Return flow of the upper mantle causes the lateral change of magma chemistry 
and upper mantle materials due to continuous upward outflow of the partially molten 
liquid from the moving upper mantle. 


I thank Drs. I. Kushiro, S. Aramaki, Y. Nakamura and S. Karato of University of Tokyo for many dis- 


cussions. I am also indebted to Drs. T. Fujii, H. Fukuyama and E. Takahashi of University of Tokyo for 
discussions. 
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Recent seismic researches have revealed the variation of shallow seismic activity across 
the trench-arc system of Japan, which is characterized by, A) a high activity throughout the 
crust and upper mantle between trench axis and “‘aseismic front”, B) a low activity between 
“aseismic-front” and volcanic front, and C) a moderate activity within the upper crust 
behind volcanicfront. This variation of shallow seismicity across the island arc is explained 
by the effects of pore pressure in the crust, based on laboratory experiments of stick-slip 
and stable-sliding movements combined with temperature distribution estimated from 
terrestrial heat flow and thermal model of subducting slab. High pore pressure is expected 
in the low activity area (region B). Pore pressure is controlled mainly by 1) fluid supply 
from below (released from subducting oceanic crust), and 2) permeability distribution in 
the crust and upper mantle. Dehydration process in subducting slab has a great influence 
on shallow seismic activity. 


1. Introduction 


Among geophysical and geological observations, the spatial distribution of earth- 
quakes is one of the most direct indications of plate interactions. Recent investigations 
of precise determination of microearthquake foci in the plate convergence regions have 
revealed some detailed features of the intraplate shallow seismicity (e.g., OrkE, 1977; 
Taxaci et al., 1977), and interplate seismicity such as the double-planed structure of deep 
seismic zone (Tsumura, 1973; Umino and Hasecawa, 1975; ENGDAHL and SCHOLZ, 
1977; Hasrcawa et al., 1978). 

Taxaci et al. (1977) noted that in the northeast Japan arc, shallow intraplate earth- 
quakes occur behind (i.e., landward of) the volcanic front and are confined in the upper 
crust having a compressional wave velocity (V,) of 6.0 km/sec (depths less than 20 km). 
In the southwestern part of Japan, Ore (1977) showed that frequency distribution of 
focal depths has a maximum at 10-15 km and is mostly confined within the V,=6.0 km/sec 
layer. YAMASHINA ef al. (1978) pointed out that a low-seismicity region (frontal arc) 
between the volcanic front and ‘‘aseismic front’? (YosHu, 1975) can be observed in various 
regions in the circum Pacific trench-arc systems. Since this low activity region has a 


width of 50-100 km, it is called ‘‘aseismic belt.” Major seismic activity is concentrated in 
the prismatic region, which is bounded by “aseismic front” and trench axis. We call 
this region as ‘‘seismic prism.” Actually these characteristic features are most distin- 


guishable in the northeastern part of Japan (Moct, 1967), where is one of the most highly 
investigated areas through microearthquake and crustal deformation observation network 
of Tohoku University (TaKaci et al., 1977), and other geophysical observations as discussed 


by Yosum (1978). 
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A shallow earthquake is considered to be the stick-slip sliding instability on a pie 
existing fault (BYERLEE and Brace, 1969). Although many difficulties and uncertainties 
still exist in the application of laboratory experiments on stick-slip and stable-sliding 
phenomena to the real earth (BRAcE, 1972), the microearthquake activity in the crust of 
trench-arc systems can be understood through these phenomena at least qualitatively. 
The depth-limit of the occurrence of shallow earthquakes of the San Andreas fault have 
been tried to be explained by the transition from stick-slip to stable-sliding caused by 
temperature variation (BRAcE and ByERLEE, 1970). STesky and BRACE (1973) suggested 
that existence of fault gauge or high pore pressure could explain the observed low fric- 
tional stresses of the San Andreas fault. — 

In this paper, we try to explain the vertical and horizontal variation of shallow seismic 
activity across the trench-arc systems by means of the effects of pore pressure on the stick- 
slip to stable-sliding transition for pre-existing fault deduced from laboratory experiments. 
When we consider the temperature distribution and thermal processes beneath island 
arcs (e.g., Hasse ef al., 1970; ANDERSON et al., 1978), we can infer that variations of pore 
pressure should be closely related with the water released by the dehydration reaction of 
subducting oceanic crust (ANDERSON et al., 1976; DELANy and Hetcgson, 1978; R.N. 
Anderson, personal communication, 1978), andesitic volcanisms (e.g., R1ncwoop, 1974; 
OxpurcuH and Turcotte, 1976; ANDERSON ef al., 1978), and the evolution of frontal arc 
structure (Karic, 1974; Karic and SHARMAN, 1975). 


2. Cross Sectional Structure and Shallow Seismicity 


Cross sectional distributions (a band about 100 km wide) of released seismic energy 
and microearthquake foci across the northeastern part of Japan along 39.5°N are shown 
in Fig. la, b, respectively. In estimating seismic energy (£, in erg) by the use of the rela- 
tion log E=1.5 M+ 11.8, the earthquakes that occurred during 17-year period (1960-1976) 
with focal depths less than 60 km were selected, whose magnitude (/) were tentatively 
taken from the Seismological Bulletin of the Japan Meteorological Agency (JMA). The 
distributions of microearthquake foci (Fig. 1b) were reproduced after TaKaci et al. (1977) 
in which data were taken over one and a half years from April, 1975 to October, 1976. 

As seen in Fig. la, b, shallow intraplate earthquakes are distributed behind the vel- 
canic front and clearly separated by “‘aseismic belt.’’ This belt (hereafter called region B) 
would correspond to the non-volcanic arc or the frontal arc (Karic, 1974), and its nature 
of very low seismic activity throughout the crust and upper mantle is clearly identified 
both in microearthquake foci distribution for one and a half years and in seismic energy 
release for 17 years. A thick line segment on the top of Fig. 1b indicates the land area, 
and the accuracy of the location of earthquakes is quite high, about 2 km in epicenter 
and less than 3 km in focal depth at least in and near the land area (Hasecawa et al., 1978). 

Figure 2 shows another example of cross sectional structure of seismic activity in 
western part of Japan (Kyushu). Data were taken from the Seismological Bulletin of 
the JMA (1960-1976). The distribution of the seismic energy release and the earthquake 
foci are similar to that in the northeastern Japan, although the accuracy of the determina- 
tion of earthquake foci are not so good because of the lack of microearthquake observation 
network. 

The crustal structure derived from explosion seismic observation (YosHiu and Asano, 
1972; ResEARcH Group FoR ExpLosion SEISMOLOGY, 1977) are also indicated in Fig. 1b. 
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Fig. 1. (a) Cross sectional distributions of 
released seismic energy along the 1° 
wide belt at 39.5°N, in units of erg 
summed over 17 years by 1/2 degree 
interval in the northeastern Japan. 
Magnitude data were taken from the 
Seismological Bulletin of Japan Mete- 
orological Agency (JMA) during 1960- 
1976. (b) Cross sectional distribution of 
microearthquake fociin the same belt 
as in Fig. la from April, 1975 to Oct., 
1976 (after Taxacr et al., 1977). In 
insert, a schematical explanation of the 

f ° 140 142'€ WA seismicity and focal mechanism is 

ig : Sa shown (modified after Yosum, 1978). 


39-50 138-00 39.50 145.00 


100KM f—- 


1SOKM F— 


200KN }— 


V.FRONT £ AS.BELT v 
—— 


SEISMIC ENERGY (ers) 
( 1960-1976; JMA ) 


Fig. 2. Cross sectional distributions of 
released seismic energy (top) and 
earthquake foci (bottom) across the 
western part of Japan (Kyushu) based 
on the JMA data during 1960-1976. 
Data are taken from the hatched area 
in the insert. 


The concentration of shallow earthquake foci into the V;=6.0 km/sec layer is obvious at 
least beneath the land area. Shallow foci are distributed behind the volcanic front to the 
off coast of Japan Sea (hereafter called region C). Shallow seismic activity in the Japan 
Sea (off Oga peninsula) seems to be extended to the lower crust where the upper crust 
becomes thin. ‘This may be related to the activity along eastern margin of the Japan Sea 
(FuKAo and Furumorto, 1975). 

Major seismic activity is found between the trench and “aseismic front” (hereafter 
called region A, “seismic prism”). This activity continued to the upper plane of the 
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double-planed deep seismic zone (Hasecawa et al., 1978). The boundary between upper 
lithosphere and subducting Pacific plate is estimated and shown by a broken curve in 
Fig. lb. P, velocity of this region A is 8.1 km/sec and clearly contrasting with that of 
7.5 km/sec beneath the Japanese land area. The eastern boundary of this low P,, region 
coincides with the aseismic front (RESEARCH GROUP FOR EXPLOSION SEISMOLOGY, NOs 
Yosum, 1978). The scattered earthquake foci beneath the trench appear to extend to 
a depth of 100km. They may be the aftershocks of the great normal fault event off 
Sanriku (Kanamort, 1971). But as the accuracy of hypocentral determination is relatively 
less in this region, there remains some possibilities of the biasing of hypocenters caused by 
the lateral heterogeneities in the velocity structure. 

Principal stresses projected in this cross section are schematically indicated in the 
insert in Fig. 1b after Yosu (1978). East-west compression (mostly thrust fault events) 
are observed for shallow earthquakes in both region A and C. As pointed out by Yosuu 
(1978), low-angle thrust fault events along the inferred upper surface of the descending 
lithosphere occur only ocean side of the aseismic front. 

Temperature distribution across the northeastern Japan arc is estimated based on 
a model developed by Hasese et al. (1970) which satisfies the observations of terrestrial 
heat flow taking into acount of the frictional heating along Wadati-Benioff zone below 
60 km depth and penetrative convection heat transfer in the upper mantle wedge. To 
estimate the temperature at the upper-most mantle beneath region C (volcanic area), 
petrological model by Taxanasut (1978) is also referred to. In Fig. 3, the temperature 
and velocity structure for the three regions (A, B and C) are schematically indicated. 
Average values of terrestrial heat flow is shown in the upper diagram of Fig. 3 (after 
HasEBE et al., 1970). 

Note that 500°C isotherm nearly coincides with the lower limit of intraplate shallow 
seismicity in region C. Temperatures at the depth of 10-20 km are more or less similar 
in region C and region B, but are significantly lower in region A. Nearly vertical isotherms 
for temperatures higher than 300°C are dominant feature in “seismic prism.”’ Although 
precise location of vertical isotherms in this region would vary with model parameters, 
the high seismic activity could be closely related with the low temperature and low angle 
thrust fault along the subducting lithosphere. 


HEAT FLOW 


Fig. 3. Cross sectional diagrams of heat 
flow (top) and structure (bottom) 
beneath island arcs. Numerals in the 
bottom figure indicate the values of 
V, by ReszearcH Group For ExpLo- 
SION SEISMOLOGY (1977). 
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3. Variation of Pore Pressure across Trench-Are Systems 


There are many factors closely related to the observed variation in seismic activity 
across the trench-are systems. Among them, followings are likely to be important; 1) 
the differences of strength due to different types of constituent material, 2) the differences 
of stress level due to interactions of subducting plate and/or flow law of the crustal rocks, 
and 3) the variation of effective pressure acting on pre-existing faults. 

The first factor seems to be less important if we consider that shallow earthquakes 
are explained by stick-slip motion of pre-existing fault. Sresxy ef al. (1974) showed no 
difference existed in the boundary of stick-slip to stable-sliding transition between granite 
and gabbro, that are considered to be representative rock types of 6.0 km/sec layer and 
6.6 km/sec layer respectively. It seems unlikely that this factor alone can explain both 
the low seismicity in region B and the depth-limit in region C. 

The second factor could be a likely source. As subducting slab causes a drag force 
along Wadati-Benioff zone and a tilting of overlying continental plate wedge toward the 
trench during interseismic period, local deviatric tensile stress region appears around 
volcanic front (SmirH and Toxs6z, 1972; BiscuKr, 1974; NEUGEBAUER and BREITMAYER, 
1975). Yamasuina et al. (1978) noted that the horizontal contractive strain perpendicular 
to the trench axis has a local minimum which coincides to aseismic belt (region B) based 
on a calculation to fit the observed crustal deformation in eastern Hokkaido by SHIMAZAKI 
(1974). The location and width of the local minimum in contractive horizontal strain 
depend on the depth and dip angle along which the drag force due to subducting slab is 
assumed (e.g., SENO, 1978). Since this local minimum becomes less clear with depth 
gradually, a sharpness of aseismic front throughout the crust and upper mantle and the 
concentration of seismicity in the upper crust in region C should need additional explana- 
tions. 

Kopayasui (1976) discussed that the constituent material throughout the crust of 
Japan arc is likely to be granodioritic rocks and flow law of quartz could be applicable to 
explain the depth-limits of shallow intraplate seismicity. He assumed that the seismically 
active region corresponds to the region where a shear stress is higher than the critical value 
estimated from the flow law of granodioritic rocks (represented by quartz) at geological 
strain rate of 10-14sec-l. Combining the temperature distribution estimated from 
terrestrial heat flow and a critical shear stress of <100 bars (i.e., similar to the stress drop 
from focal mechanism), he concluded that 300°C isotherm would correspond to the 
depth-limits of shallow intraplate seismicity. It would, however, be difficult to explain 
the existence of the aseismic belt when we consider the temperature distribution in the 
belt (Fig. 3). 

As a consequence, we suggest that pore pressure in the crust would vary from trench 
to back arc, that is, the third factor may be responsible for the shallow seismic activity in 
the plate convergence area. Stick-slip and stable-sliding phenomena are controlled by 
temperature and effective pressure (confining pressure minus pore pressure) as shown by 
laboratory experiments on pre-existing faults (Strsky ef al., 1974). If we consider that 
seismically active region corresponds to the region of stick-slip sliding, less active region of 
similar depth and temperature should have higher pore pressure. Left diagram in Fig. 4 
shows stick-slip and stable-sliding regions in the temperature-effective pressure diagram 
after Sresky et al. (1974) and Brace (1977). Dashed curve with hatches indicates the 
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TEMPERATURE Ue EFFECTIVE PRESSURE Ko Fig. 4. In the left, stick-slip to stable- 
2 Rea ar eS) sliding transition boundary (a dashed 
" curve with hatches) is shown in the 
temperature-effective pressure diagram 
(after Strsky ef al., 1974). Solid lines 
labelled A, B and C indicate repre- 
sentative geotherms corresponding to 
the regions in Fig. 3. Surface heat flow, 
Q (1H.F.U.=10-® cal/sec:cm?), for 
each region is also indicated, in which 
depth scale to the right should be re- 
ferred to when pore pressure is zero. 
Since the high pore pressure makes the 
effective pressure low, the geotherms 
move upward as indicated by arrows 
(lines A’ and B’). In the right dia- 
gram, effective pressure versus depth 
is shown for various pore pressures (see 
text). 
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boundary of stick-slip to stable-sliding transition, and should be regarded as an iso-stress 
drop curve (experimentally zero stress drop). Depths in the righthand side correspond to 
the case of zero pore pressure. Solid lines labelled A, B and C show representative tem- 
perature distributions within the crust in respective regions estimated from heat flow and 
appropriate heat generation in the crust. A representative surface heat flow (Q) in each 
region is also indicated. 

If we assume laboratory determined stick-slip to stable-sliding transition actually 
corresponds to seismically active to inactive boundary, effective pressure in the regions 
A and B should be lowered to the lines of A’ and B’, respectively, as shown by arrows in 
the left diagram in Fig. 4. To the right in Fig. 4, effective pressure with depth thus ex- 
pected is indicated for each region. ‘The curves with pore pressure (Pp) equal to zero 
and to the hydrostatic pressure are also shown by solid and dotted lines. Judging from 
this figure, we can estimate that the pore pressure is highest in region B (aseismic belt) and 
lowest in region C. It may be expected that Pp is nearly hydrostatic or the ratio of Pp 
to total pressure (P;) ranges 0.1 to 0.5 in region A, and Pp/P,=0.5 and <0.2 for regions B 
and C respectively. 

However, as already pointed out by Brace (1972) and Sresky and Brace (1973), 
many difficulties and uncertainties still exist to apply above assumptions to the actual 
earthquakes. For example, experimentally determined frictional shear stress and stress 
drop are higher than those of actual earthquakes (Stesky and Brace, 1973), acoustic 
emission is observed even in stable-sliding region (i.e., Sresky, 1975), and fault gauge in 
actual fault surface in the earth could have influenced on the stick-slip to stable sliding 
transition boundary (Brace, 1977). 

Although the existence of precise correspondence between the stick-slip phenomenon 
observed in laboratory experiments and earthquakes is a fundamental problem to be 
investigated more extensively, our explanation and conclusion would not be affected so 
much at least in a relative and qualitative sense. 

A high seismicity in the upper mantle beneath the seismic wedge could be under- 
stood following the idea similar to that of Kopayasut (1976). If we consider that mantle 
is composed of peridotitic rocks, flow law of olivine could be applied to estimate the shear 
stress. Using the values both for wet and dry olivines with strain rate of 10-M sec-1 
(Kirpy, 1977), the estimated shear stress in the upper mantle at the aseismic front (Fig. 3) 
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is about a few kb and 100 bars for the isotherms of 500°C and 750°C, respectively. 
Below this temperature, that is, from the aseismic front toward the trench, shear stress 
becomes high and rocks would become brittle. Aseismic front could be understood this 
way as far as the upper mantle is concerned. 


4. Discussion 


At present we have no direct evidence of pore pressure differences in the upper crust 
of depths 5-20 km. As pointed out by Sresky et al. (1974), a high pore pressure region is 
observed in deep drill holes in California Coast Range and this region seems to correspond 
to the relatively low seismicity area (Berry, 1973). The region B (aseismic belt) where 
we expect relatively high pore pressures, corresponds to non-volcanic frontal arc charac- 
terized by high gravity anomaly (Yosuu, 1978) and gradual uplift since Tertiary (e.g., 
Sucimura and Uyepa, 1973). To keep pore pressure high, e.g., higher than hydrostatic, 
it may need the supply of fluid from below and a low permeable cap rock as known in the 
geothermal field. Although it is generally or implicitly considered that there would be 
much of water (and high fluid pressure) in volcanic region (region C) relative to region B 
(K. Nakamura, personal communication, 1977), it deos not always mean that the pore 
pressure is high when minerals are partially hydrated. 

The current petrological view of volcanism of island arcs (e.g., R1ncwoop, 1977) 
suggests free water released from the subducting slab by dehydration and its interaction 
with the overlying mantle wedge have great influence of volcanic activity. If we consider 
the overlying mantle wedge to be peridotitic and in the water-saturated condition (Py,9= 
P,), the stability field of the hydrated minerals could be estimated provided that the sub- 
ducting oceanic crust is hydrous basalt and gabbro and temperature distribution in the 
wedge is known (DELANY and HeEtceEson, 1978). Figure 5 shows schematically the 
mineral stability boundaries for two cases of temperature distributions. We expect that 
partial melting zone beneath volcanic area (region C) would not extend toward the trench 
so much and the temperature beneath the frontal arc (region B) would be lower than 
1,000°C. Thus, released free water from the subducting oceanic crust could make melt 
beneath region C, but not beneath region B. As the thermal regime is so complex in this 
mantle wedge, there could still be two possible cases, 1) no hydrous minerals and 2) talc 
and presumably chrysotile exist beneath region B. The former (top in Fig. 5) expects 
that the aseismic front nearly coincides with 750°C isotherm and released water would 
rise freely through the mantle. ‘The latter (bottom in Fig. 5) expects that the temperature 
of the aseismic front is 500°C or less. As pointed out by DELANy and HELGEson (1978), 
the release of water through the dehydration of subducting oceanic crust should be con- 
trolled by the rate of heat supply from the ambient mantle or heat generated in this portion 
such as viscous frictional heating. Although we could not, at the moment, specify the 
precise depth of complete dehydration reaction in the subducting slab, most probable 
depth would be some 60 to 100 km in the northeastern Japan when dip angle of subducting 
plate is about 30° as pointed out by Hasese e¢ al. (1970). It is interesting to note that the 
aseismic front meets the plate-interface at about 60 km depth and earthquakes with low 
angle thrust fault mechanism occur only above this depth (Yosuu, 1978). 

The newly released water will be highly mobile because the migration of free water 
would be controlled by permeable flow due to buoyancy effect as suggested by ANDERSON 
et al. (1978). Then we could expect that a large volume of released water would migrate 
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Fig. 5. Mineral stability boundaries for 
peridotitic mantle in the ‘wedge-zone’ 
beneath the arc-trench gap are sche- 
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B:Brucite belt (region B). Shaded areas indicate 
W:WATER seismically active regions as in Fig. Ib. 


through the upper mantle beneath region B, and the lower crust of this region would be 
saturated with water. 

As noted in the previous section, the observation that P, velocity of 8.1 km/sec in the 
seismic wedge at 30 km depth seems to be incompatible with wet peridotitic mantle model. 
As far as the water-saturated or hydrous mantle candidate minerals are concerned, V,= 
8.1 km/sec could not be explained from experiments. There may be a possibility that 
released free water could not reach the apex of the mantle wedge beneath the seismic 
wedge, and this region may be dry and non-hydrous, although we need to explain the 
generation of blue-schist and greenschist facies metamorphic rocks and serpentinite. 

In summary, though no direct evidence for high pore pressure in region B can be 
demonstrated and no quantitative correspondence between stick-slip phenomenon and 
shallow seismicity, the migration of released water from subducting oceanic crust would 
have an important role in the mantle wedge and lower crust. 

Our conclusion could be tested by 1) precise determination of stress drop variation 
with depth or across region B, 2) more investigation of fine crustal velocity structure, 3) 
deep drilling in respective region to estimate average pore pressure, and 4) the investigation 
of thermal regime in the wedge beneath arc-trench gap taking into acount of dynamical 
processes and influence of fluid phases. 
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Along arcs, a belt-like area can be identified where shallow seismicity within the 
continental plate is extremely low compared with other parts of the plate margin. Ex- 
amples are in the Tohoku, Hokkaido, Kurile, Kamchatka, Aleutian, Peru-Chile, New 
Hebrides and Tonga arcs. The present paper proposes to call this inactive (or less-active) 
area the “aseismic belt,’ which seems to be a typical feature of arcs. The aseismic belt 
is some tens of kilometers wide and is located, generally speaking, along the frontal non- 
volcanic arc between the volcanic front and the aseismic front. This belt can be explained 
as a mechanically unstrained area on the basis of a plausible model of plate subduction. 
Geodetic data and seismological results obtained in Japan are incorporated into this model 
in the framework of plate tectonics. 


1. Introduction 


Shallow seismicity in trench-arc regions is characterized by (1) major activity along 
the trench and (2) minor activity occurring inland. ‘The former is probably directly 
related to the subduction of the oceanic plate beneath the arc. Great shallow thrust 
earthquakes occur in this major seismic zone. The continuation of this major activity 
extends along the Wadati-Benioff zone beneath the arc. The latter minor activity usually 
takes place within the crust, mostly within the upper crust. In addition to these well- 
known characteristics, (3) few shallow earthquakes occur in a belt-like area between these 
two active seismic zones, along the frontal non-volcanic arc. 

Moc (1967) discussed the subsurface mechanical structure of Japan based on the 
regional variation of seismicity and aftershock activity. He divided the Japan area into 
five zones parallel to the Japan trench considering (1) the decay rate of aftershock activity, 
(2) activity of earthquake swarms and (3) the difference in magnitude between the main 
shock and the largest aftershock (Fig. 1). As this figure shows, inland shallow earthquakes 
occur along the volcanic region (region 3). The seismically inactive area (region 4) lies 
between this volcanic region and the highly active regions (1 and 2) along the Japan trench. 

Yosuu (1975) noticed that few earthquakes occur within the continental mantle 
beneath Tohoku, northeast Japan. He interpreted this fact the result of special prop- 
erties of materials in the mantle. Figures 2 and 3 are cross sections of the distribution of 
the ISC (International Seismological Center) hypocenters in Tohoku and a model for the 
subsurface structure proposed by Yosum (1978), respectively. According to his model, 
the continental mantle has low-Q (reciprocal of the attenuation constant of elastic waves) 
and low-V (velocity of elastic waves); this low-Q is responsible for the low seismicity. 
The eastern end of this wedge-like aseismic mantle is sharply bounded by the highly active 
region adjacent to the trench. This boundary was named the “aseismic front’’ by YosHm 
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(1975). It also bounds, he proposed, the low-Q and low-V mantle from the high-Q and 
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Fig. 2. A cross section of ISC hypocenters along a band 200 km wide across 
Tohoku, northeast Japan, for the period 1964-1973 (Yosun, 1978). 
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Fig. 3. A schematic cross section of structure slightly modified from 
Yosum (1978). Stippled areas indicate the seismically active region 
with arrows representing the general trend of the earthquake- 
generating stress system. AF and VF are the aseismic front and the 
volcanic front, respectively. 


high-V mantle. 


The “aseismic front” is defined as a discontinuity in seismicity in the mantle. As 
shown in Figs. 1 and 2, however, it is remarkable that there exists an aseismic zone in the 
crust, too. ‘The existence of the inactive zone in the crust has not previously been noted. 
The present paper proposes that this inactive zone in the crust, referred to as the ‘aseismic 
belt,” may constitute a typical feature of arcs. 
many trench-arc systems, as will be shown in the following section. A possible explana- 


tion for this belt will also be presented in the framework of plate tectonics. 


Fig. 1. Schematic vertical section showing 
seismic activity and structure across the Japan 
trench (Moet, 1967). Shaded areas represent 
fractured zones. (1) Seismically active and highly 
fractured. (2) Seismically active, but not frac- 
tured. (3) Moderately active and appreciably 
fractured. (4) No earthquakes occur in this re- 


The aseismic belt can be recognized in 
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Fig. 4. Focal depth distribution of microearthquakes in Tohoku projected on an east- 
west section (HasEcAwa et al., 1978). The upper, middle and lower sections corre- 
spond to the regions from 38-39°N, 39-40°N and 40-41 °N, respectively. Arrows 
indicate the location of the aseismic belt (39-40°N: the Kitakami Mts.). The 
triangles and the reverse triangles represent the positions of the volcanic front and 
the Japan trench, respectively. In these sections, quarry blasts are not eliminated 
and some of the points within the aseismic belt are known to have been blasts. 


The figure has a vertical exaggeration of 2. 
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2.1 Tohoku, northeast Japan 

A typical example of an aseismic belt occurs in Tohoku as previously shown in Fig. re 
In the recent 10-year interval of 1964-1973, no earthquakes were reported in the Kitakami 
Mountains, the frontal non-volcanic arc. The width of the inactive zone is about 50 km, 
about 200-250 km from the trench. 

Figure 4 is a cross section of microearthquakes in Tohoku obtained by the network of 
Tohoku University (Hasecawa ef al., 1978). This network has high detectability and 
small errors in hypocentral determination. The inactive zone can be identified in this 
figure, too, bounded by the major (off shore) and minor (inland) active zones. This 
indicates that this area, the Kitakami Mountains, is inactive (or less-active) even micro- 
seismically. 

In historical times, no damaging earthquakes are known to have definitely occurred 
in the Kitakami Mountains with the exception of the Oguni earthquake of 1931 (M=6.1; 
Usasa, 1975). This was the only event of magnitude greater than 6 in the last 100 years. 
This event differs from inland earthquakes in Tohoku in that its fault plane solution shows 
the minimum compressive axis (T axis) lying horizontally in the east-west direction per- 
pendicular to the trench axis (IcHrKAwa, 1971; Taxaci ef al., 1973; YamasuHina, 1976). 
However this direction is the general trend of the maximum compressive axis (P axis) for 
shallow inland earthquakes. 

The seismic activity of the middle and western parts of Tohoku is in contrast with 
that of the Kitakami Mountains. Along the Morioka-Shirakawa tectonic line (TsuBor 
et al., 1956), which bounds the Kitakami Mountains and the central (Ou) mountains, 
some damaging earthquakes have occurred, such as the events in 1956 (Shiroishi, M=6.1) 
and 1962 (Kita~-Miyagi, M=6.5). In this area microearthquakes are most active at 
present. The active region extends from this line to off the west coast of the district. 
Recently, major inland earthquakes with magnitude equal to or greater than 7 occurred 
in the central mountains (the 1896 Rikuu earthquake, M=7.0), near the west coast (the 
1939 Oga earthquake, M=7.0) and under the Japan Sea (the 1964 Niigata earthquake, 
M=—7-5). 

Another less-active area near the west coast of Tohoku can be distinguished (Fig. 4). 
It appears to divide the shallow activity of microearthquakes west of the Morioka-Shira- 
kawa line into two groups; one along the central mountains, which corresponds to the 
volcanic arc, and the other off the Japan Sea coast. However, the present inactivity 
near the Japan Sea coast might be a temporary rather than an intrinsic and permanent 
phenomenon, because there were many damaging earthquakes in historical times which 
caused marked crustal deformation in the coastal region (Usamr, 1975). 


2.2 South America 

South America is also a region where the aseismic belt is discerned. Sections across 
South America (Fig. 5) were compiled by Isacxs and Barazanct (1977). In the sections 
of Peru and central Chile no earthquakes have been observed at shallow depths along 
the Pacific coast, while many inland earthquakes occur beneath and east of the Andean 
Mountains. The aseismic area is about 100 km in width, and about 150-250 km from 
the trench. The depths of inland events are as much as 65 km, which is deeper than in 
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Fig. 5. Cross sections of earthquake hypocenters in the Peru- 
Chile region for the period 1959-1975 (Isacxs and 
BaRAZANGI, 1977). The projection for volcanoes and 
trench axes are shown by the long and short vertical 
lines respectively at the top of each figure. Horizontal 
and vertical scales are shown in kilometers. Arrows 
indicate the location of the aseismic belt. 


Tohoku although the accuracy of the hypocentral determination is less in South America 
than in Tohoku. In Peru and central Chile there are no active volcanoes (IsAcks and 


Barazanct, 1977). Therefore the inland active zone does not coincide with the volcanic 


region in these area as it does in Tohoku. 
In the segments with active volcanoes (northern and southern Chile), the aseismic 


belt is less clear. In northern Chile, since few events have been observed inland, it is 
impossible to identify the aseismic belt. In southern Chile, the aseismic belt is not clearly 
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Fig. 6. Earthquake hypocenters projected onto a sec- 
tion along a band 300 km wide oriented perpendic- 
ular to the Tonga trench from January 1, 1965, 
to January 12, 1966 (Syxes et al., 1969). Hatches 
denote the absence of activity with S-P times less 
than 6.5 sec at Niumate on the frontal arc. 


defined although there seems to be a less-active area about 250 to 350 km from the trench. 


2.3 Other regions 

The Tonga arc appears to be another example (Sykes et al., 1969). It was pointed 
out that no earthquakes were observed with S-P times less than 6.5 sec at Niumate station 
located on the frontal arc, while one earthquake took place in the volcanic arc, suggesting 
some activity there (Fig. 6). Many events occurred along the Wadati-Benioff zone. 

Similar spatial distributions of hypocenters are recognized in southern Hokkaido 
(Morrya, 1976), eastern Hokkaido (Suimazaxt, 1972), the Kuriles (FEDorov et al., 1963), 
Kamchatka (FEpotov, 1968), the Aleutians (ENGDAHL, 1977) and the New Hebrides 
(Isacks and BARAzANGI, 1977). Some of them are shown in Fig. 7. In these arcs, inland 
shallow seismicity is active only along the volcanic arc. Consequently, an inactive area 
is formed between the volcanic arc and the most active zone near the trench. 

When the accuracy of hypocentral locaton is not good enough to distinguish the ac- 
tivity at shallow depths from that along the Wadati-Benioff zone, or when the inland 
shallow seismicity is not active enough to be detected by the seismograph network, the 
existence of the aseismic belt remains unclear. Examples are probably southwest Japan, 
the Izu-Bonins and Alaska. 


3. Discussion 


The aseismic belt is defined, in this paper, as a seismically inactive zone in the crust 
of arcs. It is located, generally speaking, along the oceanward side of the volcanic arc, 
between the volcanic front (Sucrmura, 1960) and the aseismic front. It is about 30-100 
km in width. This zone corresponds to the area where the depth of the Wadati-Benioff 
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Fig. 7. Cross sections of earthquake hypocenters approximately perpendicular to the trench axis 
in southern Hokkaido (Moriya, 1976), the Kuriles (after Freporov ef al., 1963), Kamchatka 
(after Feporov, 1968), the Aleutians (ENcpAHL, 1977) and the New Hebrides (Isacks and 
Barazancl, 1977). Arrows indicate the location of the aseismic belt. For notations which are 


not essential to the present discussion, see the original papers. 


zone is about 60-100 km. In a double arc system, the aseismic belt may correspond to 
the frontal non-volcanic arc. 

The aseismic belt seems also to be an anomalous region with respect to crustal defor- 
mation and the earthquake-generating stress system. The strain (and stress) field in 
Tohoku shows a contraction trending east-west approximately perpendicular to the trench 
axis (NAKANE, 1973, for triangulation; IcHiKawa, 197}; -and®TaKxaci ctsal.,~l973, for 
focal mechanisms). In spite of this general trend, east-westward extension has been 
observed by both a geodimeter traverse survey (GEOGRAPHICAL SURVEY INSTITUTE, 1974) 
and strain measurements in vaults (IsHm, 1977) in the aseismic belt. 
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Figure 8 shows the result of a calculation of crustal strain occurring during the period 
between interplate great earthquakes. This calculation is based on a mechanical model 
of plate subduction in eastern Hokkaido proposed by Suimazaxr (1974), which will be 
explained later in this section. The figure shows the predominant horizontal contractive 
strain perpendicular to the trench axis. Thus the model helps explain the earthquake- 
generating stress system prevailing along plate margins such as Tohoku. However, note 
that there is a remarkable feature in the horizontal strain at shallow depths; the horizontal 
contractive strain has a local minimum along the island arc. Under certain conditions 
(e.g. model V in Fig. 8) the model even predicts extension perpendicular to the trench 
axis and suggests an explanation for the anomalous strain (stress) field in the aseismic belt 
in Tohoku. It is most likely that this unstrained region in the model corresponds to the 
aseismic belt. Horizontally compressed regions on the oceanic and continental sides of 
this region would correspond to the major and minor seismic zones, respectively. 

The local minimum in horizontal strain is due to a bending of the continental litho- 
sphere. The position of the local minimum and its spatial extent are closely related to the 
coupling between oceanic and continental plates. SnHimazaxi (1974) discussed the crustal 
deformation in eastern Hokkaido with special reference to the predicted earthquake off 
the southeast coast of Hokkaido, which actually occurred in 1973 (the Nemuro-Oki earth- 
quake, M=7.4), presenting a model to explain the general features of crustal deformation 
during the interseismic period. The continental plate is considered to be compressed and 
dragged down into the asthenosphere by the underthrusting oceanic plate. The effect 
of the underthrusting of the oceanic plate on continental plate deformation was approxi- 
mated by imposing tangential displacements along the interface of the oceanic and con- 
tinental plates. On the basis of a two-dimensional finite element method for the calcu- 
lation of static deformation, he obtained two models, one having a nearly uniform, and 
the other a variable tangential displacement along the interface (models U and V, re- 
spectively in Figs. 8 and 10) which both explain the observed vertical deformation. The 
coupling between the two plates implied from the obtained displacements should disap- 
pear at some depth in order to explain the minor inland uplift during the interseismic 
period along the volcanic arc. The depth of the coupling-decoupling transition is taken 
as 100 km in his model. Steady state creep movement probably takes place along the 
lower segment of the interface; the continental plate is no longer dragged down by the 
oceanic plate beyond this depth. In that case, as has been shown in Fig. 8, the local 
minimum in horizontal strain appears on the surface in the continental side above the 
transition point, oceanward of the minor uplift region. ‘The strain is even extensional 
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in the case of model V, though model U was preferred in eastern Hokkaido on the basis 
of the horizontal deformation data. 

These features of crustal deformation such as the minor uplift occurring during the 
interseismic period are npt unique to eastern Hokkaido. Repeated geodetic surveys 
conducted throughout the Japanese islands have revealed a typical mode of crustal 
deformation related to great thrust earthquakes in the major seismic zone along trenches 
(i.e. interplate earthquakes). The interseismic period is characterized by chronic tilting 
towards the trench along coastal regions and contraction in the direction approximately 
perpendicular to the trench axis. The rebound of the continental plate is co-seismic 
and results in large acute landward tilting and extension of the crust perpendicular to the 
trench axis, as has been observed several times in Japan. During this cycle of deforma- 
tion, a minor uplift and a minor subsidence occur inland parallel to the trench axis in the 
inter- and co-seismic periods, respectively. One example has been shown in Tohoku 
(DamBpara, 1974) and another in Shikoku, southwest Japan (GEOGRAPHICAL SURVEY 
InstiruTE, 1972). Precise observations of crustal deformation have not been available 
in most of the other trench-arc systems. However the geodetic data in Japan suggest 
that the aseismic belt in many arcs could be explained by the coupling and coupling- 
decoupling transition between continental and oceanic plates. 

The existence of the coupling-decoupling transition, and the local minimum in 
contractive strain, is also supported by the study of focal mechanisms. Yosuu (1978) 
suggested that such a transition occurs fairly sharply along the plate interface in Tohoku. 
He found a sharp transition in the earthquake-generating stress system along the interface 
from nearly horizontal compression in the shallower part to down-dip compression in the 
deeper part. ‘The transition seems to occur at the aseismic front, that is, the oceanward 
limit of the low-Q and low-V mantle under the arc. This fact shows that elastic shear 
strain is not accumulated effectively at the plate interface at the deeper parts beyond the 
aseismic front. This is also supported by the fact that the depth of the fault planes of 
interplate great thrust earthquakes usually does not exceed tens of kilometers. 

The local minimum in horizontal strain in Fig. 8, however, does not coincide exactly 
with the aseismic belt in eastern Hokkaido; the calculated unstrained region is located 
slightly landwards (about 30 km) of the aseismic area. This is probably due to the over- 
simplified nature of the present subduction model. In fact, the lower part of Fig. 8 
shows that the crustal deformation cannot be explained in detail by the present simple 
models. Detailed discussions will be left for further investigation; inclusions of more 
appropriate boundary conditions at the plate interface and the effect of anelasticity is 
obviously a direction in which an attempt to extend the model should be made. 

It might be proposed that inland shallow seismicity is active only in the volcanic region, 
so that the inactive zone which the present paper calls the aseismic belt has no special 
significance. ‘This might be true to a certain degree as far as the Hokkaido, Kamchatka, 
Aleutian, New Hebrides and Tonga regions are concerned. But in well-developed arcs 
such as Japan (Tohoku) and South America, shallow earthquakes do occur not only in 
the volcanic region but also in a broad area behind the volcanic front. Besides, major 
inland events usually occur away from the volcanoes. This suggests that the inland shal- 
low activity is not necessarily related only to volcanic phenomena, if at all. It therefore 
appears that the inactivity of the aseismic belt is significant and its explanation may have 
an important bearing on our understanding of the subduction process. 

BiscHkE (1974) proposes that the arching due to the sinking oceanic plate will induce 
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a broad region of large (deviatoric) tensile stress within the continental plate, which may 
explain the position of the active volcanic chains. However, his result is in conflict with 
the geodetic data in Japan which indicates that most areas are contracting perpendicular 
to the trench axis. One might also argue that the unstrained region shown in the present 
paper corresponds to that of active volcanism along the volcanic front, because such an 
unstrained region would appear to permit volcanic eruption. The following facts, how- 
ever, run counter to this argument. First, the calculation shows that the unstrained 
region is limited to shallow depths, probably in the upper crust (see Fig. 8). If the vol- 
canism is strongly controlled by the mechanical state at shallow depths, the distribution 
of volcanoes would be scattered by local irregularities of the crust. This is in conflict 
with the remarkable linearity of volcanic fronts and the absence of volcanoes on the 
oceanward side of the volcanic front. The linearity rather suggests that there are some 
critical conditions for production of magma under island arcs (e.g. SucimuRA and UvepA, 
1973). Second, many observations in the volcanic arc suggest that the maximum com- 
pressive axis is trending horizontally in the general direction perpendicular to the trench 
axis. They include earthquake-generating stress system (e.g. IcHmKAWA, 1971; TaKacr 
et al., 1973; YamasuHina, 1976), crustal deformation (e.g. NAKANE, 1973) and trends of 
dikes and distribution of craters in active volcanoes (NAKAMURA, 1977). One exception 
is in south Kyushu, southwest Japan where the minimum compressive axis of the earth- 
quakes in the volcanic region seems nearly perpendicular to the trench axis (MINAKAMI 
et al., 1969; Nisa, 1976; YAmasuHina, 1977). 


4. Conclusion 


There exists a belt-like area where few shallow earthquakes occur along arcs. It is 
situated in the crust of the continental plate between seismically active areas; the major 
active area along the trench and the minor one along the volcanic arc. Such a seismically 
inactive (or less active) area can be identified in many arc systems such as the Tohoku, 
Hokkaido, Kurile, Kamchatka, Aleutian, Peru-Chile, New Hebrides and Tonga arcs. 

This belt is termed the “‘aseismic belt” in the present paper. It seems to be a typical 
feature of arcs. It is about 30-100 km in width and corresponds to an area where the 
Wadati-Benioff zone is about 60-100 km deep. Accordingly the area is located between 
the volcanic front and the aseismic front, almost coinciding with the frontal non-volcanic 
arc. 

A model of plate subduction, based on a two-dimensional finite element method, 
shows a remarkable feature in the horizontal strain at shallow depths; the horizontal 
contractive strain (and stress) perpendicular to the trench axis has a local minimum along 
the arc. This less-strained area corresponds most likely to the aseismic belt, although de- 
tailed analysis is left for further investigation. 
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The tsunamicity of the Sanriku Coast has been shown to have an anomalous gap in 
energy, or tsunami magnitude. Furthermore, this gap in magnitude correlates directly 
with epicentral distance from shore—there also is a gap in the epicenter distribution versus 
offshore distance. The large tsunamis are generated on the east side of the trench. The 
gap is for intermediate tsunamis, of which there are none. 

These observed features can be explained by considering the spatial distribution of 
shear stress about a subduction zone. The stress attains maxima at two locations: one is 
on the upper interface between the mantle and the downgoing slab; the other is within the 
oceanic lithosphere, at the flexure. The observation rationalizes the observed anomalies 
of tsunamicity. 


1. Background 


The tsunamicity of the Sanriku Coast (see Fig. 1) has been shown to differ from that 
of the rest of Japan (Apams, 1972a). In the special case of the Sanriku Coast, there is a 
gap in the distribution of tsunamis when the number of occurrences is plotted versus 
tsunami magnitude (see Fig. 2). The anomalous distribution of tsunami energy is prob- 
ably statistically significant (ADams, 1972b). 

The idiosyncracies of Northeastern Honshu are anticipated, in a sense, by the tectonic 
uniqueness of Northern Honshu. ‘The ria-type coastline of Sanriku is not prevalent any- 
where else in Japan—or in any trench-facing coast, for that matter. Furthermore, 
evidence has been presented (Apams, 1973) for a zonal lineament traversing the primary 
arcuate trend on a west-northwest bearing from Sendai (see Fig. 1). (See recent defini- 
tions of lineament in O’LEARY ef al. (1977); see also discussion by ALLum (1978) and reply 
by authors.) 

First we consider additional evidence for the lineament, and then we consider the 
energy gap. The lineament was named Margo Vorticis, for reasons set forth in the original 
paper (Apams, 1973). (For a review of the geology of Japan, see Uyepa and Mryasuiro 


(1974)). 


2. Substantiating Seismic Evidence for the Margo Vorticis Lineament 


The Margo Vorticis was revealed initially by various geophysical data; geodetic data 
were the most significant. All types of geophysical data were examined to determine 
whether the feature does exist. The strongest evidence was from the horizontal and 
vertical earth movements (see Fig. 3); magnetic and gravity data were, at best, supporting, 
and seismicity data did not indicate the proposed lineament at all (seen Fig. 1). 
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Sanriku 
Coast 


Fig. 1. Location map for the Sanriku Coast. Note the 
ria-type coastline. Dashed line indicates the location 
of the lineament. 


of 


Number Observed (Logarithmic Scale) 


Fig. 2. Number of occurrence of tsunamis off Sanriku 
(from 1868 to 1968) versusl ogarithmically linear 
tsunami magnitude (after Fig. 4 of Apams, 1972a). 


Fig. 3. Secular horizontal velocity of the surface of 
Japan. Vectors are in units of meters per quarter 
century. Data taken from Harapa (1967). 
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Fig. 4. Distribution of epicenters from Northern Honshu from 
April 1975 to March 1976 (from Hasecawa et al., 1977, 
with permission of the authors). The crosses are the seismo- 
graphic observatories. 


2.1 Seismic data 


For the past several years, a seismic network has been operated by Tohoku University 
in Northern Honshu. ‘The excellent quality of the data permit precise determination of 
epicenter location for microearthquakes. ‘The epicenter distribution of microearthquakes 
in the Tohoku District during the period from April 1975 to March 1976 is kindly pro- 
vided by Hasecawa ef al. (1977) in Fig. 4. From these seismicity data, we are able to 
easily see the NW to SE linear alignment of some of the epicenters in the one-degree area, 
39°-40° N, 139°-140° E. An extension of this alignment through Sendai encounters a 
weak cluster of epicenters in the right upper center of the area 37°-38° N, 141°-142° E. 
The hiatus noticeable in the 140°-141° E segment is probably due to the axis of vulcanism 
that crosses the proposed lineament there. 

The lineation supported by these epicenter clusters is consistent with most of the geo- 
physical data reviewed by Apams (1973). It is not exactly congruent with the horizontal- 
velocity data (see Fig. 3), which would be explained most simply with a line extending 
due west from Sendai. This discordancy is tentatively interpreted to mean that a zone is 
involved rather than a single lineament. 


2.2 Other geophysical data 
The information available on the deep-sea terraces along Eastern Honshu has been 
set forth by Iwasucut (1968); his data have been interpreted by KELLEHER and McCann 
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(1977) to mean that larger seismic-tsunamic sources are spatially related to larger basins 
and terraces. There is a gap in terraces right at the zone of terraces. ‘They propose that 
portions of oceanic lithosphere are more buoyant than the average oceanic lithosphere, a 
condition that leads to two, significantly different, subduction processes. 

Other data, such as heat flow or bathymetry, do not disprove the proposed lineament 
but rather give it marginal, almost intuitive support. Additional work is clearly necessary. 
The uniqueness of the ria-type coastline for Sanriku is, of course, also supportive. Per- 
haps most encouraging is that Orsuxi and Euro (1978, this issue, pp. S 537-S 555) 
propose a fault in this zone; at least it is so designated in their Fig. 1. However, they call 
it the Chokai-Ishinomaki tectonic line. This name has the advantage of being independent 


of the genesis of the feature. 


3. Tsunamis and Subduction Tectonics 


The hypothesis was set forth by ApAms and Furumoro (1970) for tele-tsunamis in 
Hawaii that ‘“‘for large earthquakes, either a very large tsunami is generated or none at 
all.” In fact, ‘‘none-at-all’’ includes small tsunamis, not observed visually but recordable. 
So the pragmatic result is again that there is a hiatus in energy for tsunamis from a given 
coastal region. 

The efforts to explain tsunamigenic earthquakes in terms of plate tectonics concepts 
began in earnest with Kanamori (1972) and ABE (1973), and KANAmort (1977) recently 
reviewed some aspects of his model. 

Explanation of the binary nature of tsunamis on the Sanriku Coast is accomplished 
with plate tectonics modeling with the observation that subduction results in two real 
concentrations of stress (see Fig. 5). One of these stress concentrations is along the inter- 
face between the upper surface of the downgoing lithospheric slab and the contiguous 
mantle; the other is in the oceanic plate itself, at the flexure. These two stress concen- 
trations can rationalize the observed tsunami-energy hiatus. This hiatus can be explained 
as follows: earthquakes on the interface are of lower magnitude since they occur in rock of 
higher temperature which ruptures at lower yield strengths. The motion is dip-slip; 
the oceanic lithosphere moves downward and the hanging wall moves upward. The large 
dip results in 30% lower vertical-component of motion. We call these interface earth- 
quakes. For the earthquakes on the flexure, the fracturing is caused by both tension 
and a moment, hence both sides can have an upward component, which results in a mono- 
pole rather than a dipole source and thus an efficient source for tsunami generation. This 
process can be illustrated by considering flexure of an elastic plate, as in Fig. 6. The solid 
lines show the flexed elastic plate. Let rupture occur at Point A on the suture, the region 
of greatest tension. The extreme case, in which the rupture propagates completely 
through the plate, allows the elastic material to resume its original shape (shown by the 
dashed lines). Point A moves to Aj and Ag; relative to the center of curvature, there is a 
large radial component in these motions. Furthermore, initiation of fracture will not 
relieve the stresses, as in the case of the interface earthquakes, but rather will redistribute 
the stresses. The situation is shown diagrammatically in Fig. 7. In the upper diagram, 
pre-fracture, the tension in the volume above the neutral plane is supported along the 
entire interface AN. The lower diagram illustrates the situation a few seconds after 
initiation of fracture, said to be co-fracture. Essentially, the same total tension is now 
distributed across the smaller interface BN, so fracture continues. The “neutral plane”’ 
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FLEXURE 
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Fig. 5. Cross-section diagram of a subduction zone, showing 
the two locations of stress concentrations: one at the 
interface between the upper surface of the down-going 
slab and the mantle, the other at the flexure in the 
oceanic lithosphere. Dashed line indicates the neutral 
plane. 
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ig. 6. Diagram showing the type of movement due to 
fracture that has both sides with a significant upward 
component. This type of faulting is said to be mono- 
polar: all other types of faulting would be dipolar— 
one side would have movement in the opposite direc- 
tion of the other side. 


ig. 7. Cross-sectional diagram showing how the _pre- 
fracture tensional stress field is redistributed during 
fracture—the co-fracture state—so as to increase the 
intensity of tension ahead of the tip of the fracture. 
This may be thought of as the first time step in a time- 
marching model of the mechanics of rupture. 


CO - FRACTURE 


(see Fig. 5) (Jounson, 1970) of the oceanic lithosphere plate migrates toward the mantle, 
which is to say that the tension ahead of the downward-propagating fracture is increasing. 
Indeed, levels that were in compression pass into tension and then fracture. The result is 
that the rupture often passes almost through the lithosphere. ‘Thus the earthquakes at the 
flexure are always large in energy release, consequently very rare (relative to the time span 
of a human life) and always large in generation of tsunami energy. Evidence for this is 
provided by the horst-graben morphology so common on the collision flexure (data from 
Hivpe et al., 1978). Toward the trench axis, the apparent vertical offset on the faults 
increases. Furthermore, Hixpe et al. find these features to be consistent with theoretical 
models of the bending of an elastic plate having stress concentrations in the area of the 
collision flexure (which they call the “outer topographic high”’). Hip et al. (1978) base 
their work on that of CALDWELL et al. (1976), who developed a universal elastic trench pro- 
file. Caldwell et al. reasoned as follows: since the shape observed is that predicted for an 
elastic plate, the oceanic lithosphere is therefore behaving elastically. As a corollary, 
fracturing completely through the lithosphere does not occur at the flexure. Here we 
will attempt to show that this is a specious argument. 
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Bror (1954) has shown that the equations for describing the deformation of visco- 
elastic media can be derived from those equations describing the deformation of elastic 
media simply by replacing the elastic parameters by appropriate operators. This means 
that every shape achieved’ by an elastic plate can be attained by some appropriate visco- 
elastic plate. It is faulty to conclude that the assumptions are true because the conclusion 
is true; that is to say, the agreement between the field observations and the shape taken by 
an elastic plate does not mean that the assumption of elasticity is correct. Indeed, it is 
better to argue from the assumptions to the conclusion. 

Because the assumption of elasticity is not necessarily true, fracturing completely 
through the oceanic lithosphere is possible and may occur. 


4. Summary 


Prompted by empirical evidence showing that the tsunamis off Sanriku fall into two 
energy groups and two spatial groups, I have examined the possibility of rationalizing these 
observations using the plate tectonic model of subduction zones. I find that there are two 
zones of stress concentration; these zones are taken to correspond to the bimodality of 
tsunamis. (The energy grouping appears to be equivalent to the spatial grouping.) 

Estimation of the types of earthquakes to be expected at the two zones of stress con- 
centration leads to differences that correlate satisfactorily with existing observations. 
Additional observations and further study of historical data are appropriate. 


This work has been assisted by discussions with Roy A. Kikuyama, who is working on the numerical and 
analytical modeling. The author is grateful to the Geodynamics Commission for the financial support that 
permitted presentation of this work at the Symposium in Tokyo, Japan. Hawaii Institute of Geophysics 
contribution No. 953. 
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SEISMIC STUDIES OF THE UPPER MANTLE BENEATH THE 
ARC-JUNCTION AT HOKKAIDO: FOLDED STRUCTURE 
OF INTERMEDIATE-DEPTH SEISMIC ZONE AND 
ATTENUATION OF SEISMIC WAVES 


Takeo Moriya 


Department of Geophysics, Faculty of Science, Hokkaido University, Sapporo, Japan 
(Received June 30, 1978; Revised September 29, 1978) 


Distribution of intermediate and deep earthquake hypocenters beneath the Hokkaido 
corner, one of the notable arc-junctions in Japan, is investigated. A specially designed 
projection of the hypocenters is made to demonstrate the configuration of the seismic zone 
beneath the arc-junction. The configuration is characterized by a peculiar folding in the 
depth range between 80 and 150 km, which seems to be caused by plastic deformation of 
the descending lithosphere. 

Attenuation of seismic waves of local earthquakes is also studied. Q values for S waves 
fall in the range between 50 and 200 in the upper mantle beneath Hokkaido. The distri- 
bution of Q values shows that the high attenuation zones correspond to the areas of high 
heat flow. 


1. Introduction 


The spatial distribution of intermediate and deep earthquakes is useful for confirming 
the deformation of the descending lithosphere and provides an important clue to the 
response of materials to the subduction process. Beneath an arc-junction like the Hok- 
kaido corner, the descending lithosphere must be deformed and overlapped due to con- 
servation of the surface area. There are three notable arc-junctions in Japan. These 
are the Hokkaido corner at the junction of Kurile arc and northeast Honshu, the central 
part of Honshu near the triple junction of the Pacific plate, Philippin-Sea plate and 
Honshu, and the Kyushu corner at the junction of Ryukyu arc and southwest Honshu. 

The spatial distribution of earthquake hypocenters in and around Japan has been 
investigated by many authors (e.g., WaparTi ef al., 1969; Karsumara and Sykes, 1969; 
Katsumata, 1970; Ursu, 1971). The more accurate observations have revealed the 
more detailed structure of deep seismic zone. Beneath the Hokkaido corner, Ursu (1968) 
showed curved contour lines for deep seismic zone, but Ursu (1974) later modified them 
to discontinuous contour lines (Fig. 1). To obtain more distinctive structure of the deep 
seismic zone, highly accurate distribution of hypocenters must be required. "The Hokkai- 
do island is a place suitable to observe intermediate and deep earthquakes and to resolve 
the problem of deformation of the lithosphere beneath the arc-junction because of rela- 
tively high seismicity comparing with the other two junctions. 

In this paper, the distribution of intermediate and deep earthquakes which occurred 
in and around Hokkaido is investigated. In addition to the distribution of hypocenters, 
attenuation of seismic waves of local earthquakes is studied to reveal the regionality of 
low Q zone in the upper mantle beneath Hokkaido. 
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Fig. 1. Map showing epicenters of earthquakes in 
and around Japan located by ISC (after Ursu, 
LOA 


Fig. 2. The seismic network of Hokkaido University. Open 
circles are the temporary stations and solid circles are 
the telemetered routine stations. 


2. Seismic Network and Method of Hypocenter Determination 


The location of observation stations in the routine as well as temporary seismic net- 
work used in this study is shown in Fig. 2. The digitized data of the routine stations are 
telemetered to the observation center of Hokkaido University. At each temporary 
station, a system of slow speed magnetic tape recording with AC bias is used. The system 
can observe for two months by a tape of 1,100 m long continuously with very low power 
consumption of about 1 W. To keep high time resolution, the system has a crystal coded 


clock and a radio to compensate the clock. Time accuracy is kept better than 0.02 sec 
at any time. 
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The temporary network in the southwestern part of Hokkaido was in operation for 
four months in 1973, and the central and northern parts of Hokkaido have been operated 
from 1974. The routine observation by telemetered network was begun in July, 1976. 


The hypocenters are determined by the following method. First, the origin time 
toi is calculated at the i-th station by 


toi = to; — (Ve Vs—1) “Me._p; 
where tp; and ,»); are P-wave arrival and S—P times, respectively and V,/V,=1.73 
is assumed. The average value of ¢,; at each station provides the origin time. Then 
coordinates of hypocenter are calculated by the least squares method to fit fp); to Iou1KAWA- 
Mocuizukr’ table (1971). The computer program was designed by Surpuya et al. (1973). 


3. Hypocenter Distribution of Intermediate and Deep Earthquakes 


About 200 hypocenters are determined using the routine and temporary observation 
data during the period, July 1976-November 1977, and about 200 hypocenters which are 
relocated using JMA (Japan Meteorological Agency) and some of the routine and tem- 
porary observation data during the period January 1961—June 1976, are added. Figure 
3 shows the epicenter distribution of the earthquakes. Beneath the Hokkaido corner, 
the deeper seismicity is generally lower and less uniform. A northeast trend of seismicity 
from west off Hokkaido seems to constitute an edge of the deep seismic zone. Some aseis- 
mic regions appear in southwestern and central Hokkaido, and along the coast line of 
Okhotsk Sea. A clear northwest trending seismic zone appears in northeastern Hokkaido. 
The nonuniform seismicity suggests that the stress distributes inhomogeneously in the 
descending lithosphere which is deformed beneath the arc-junction. 

Because the seismic zone beneath Hokkaido changes its dip angle and dip direction, 
and has a relatively low seismicity, vertical and horizontal projection of the hypocenters 
are not adequate for establishing the configuration of the seismic zone, and another device 
is required. In this study, specially designed projection is made. In making this projec- 


Fig. 3. Epicenters of intermediate and deep earthquakes 
determined by the seismic network of Hokkaido Uni- 
versity or relocated by JMA data. x indicates the origin 
for measuring dip angles and azimuths with earthquakes. 
In the area between two broken lines, the folded seismic 
zone is situated. 
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Fig. 4. Distribution of hypocenters of earthquakes on 
the azimuth-dip plane in a depth range between 
80 and 150 km. 
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Fig. 5. Distribution of hypocenters of earthquakes 
projected on the vertical plane in the N-S direc- 
tion. These occurred in an area northeast of the 
line directing N60°W from the origin, X in Fig. 3. 


tion, a point is placed on the Earth’s surface near the junction of the Kurile and Japan 
trenches. From this point, the hypocenters are projected on the azimuth-dip plane. 
Then the seismic zone becomes a thin plane. ‘The position of the point is selected (x in 
Fig. 3) so that the thickness of the seismic zone on the azimuth-dip plane becomes thinnest. 
Figure 4 shows the distribution of the hypocenters in the depth range between 80 and 
150 km by the projection. A fairly thin continuous seismic zone which has a small scale 
Z-shaped peculiar folding appears just beneath the junction. If the distribution of 
hypocenters is nonuniform, the folded seismic zone may be an only apparent feature made 
by the projection. But the existence of the folding is reliable because hypocenters are 
located rather uniformly even in the folded seismic zone which corresponds to an area 
between the lines of N30°W and N60°W from x in Fig. 3. It has been predicted that 
the seismic zone may be deformed notably at the transitional zone between Kurile and 
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northeast Honshu (Isacxs and Mo.nar, 1971; Ursu, 1971; Aoxi, 1974), and existence 
of the folded seismic zone is significant. 

Beneath the Tohoku and Kanto districts, northern and central Honshu, a double 
planed seismic zone was discovered (Tsumura, 1973; Umino and Hasgecawa, 1975). 
But beneath Hokkaido, double planed seismic zone is not obvious in the present analysis 
(Fig. 5). It may be suspected that absence of a double planed seismic zone was caused by 
the low accuracy of hypocenter determination. But Umino and Hasrcawa (1975) showed 
that the seismic zone can be separated into two planes even using JMA data of low magni- 
fication seismographs. We believe that the time accuracy of the data of Hokkaido 
University is high enough to distinguish the hypocenters into two planes if they exist. 
Therefore the absence of double planed seismic zone beneath Hokkaido may be one of 
the essential characteristics of the arc-junction. 

The thickness of the seismic zone in Fig. 5 is about 40 km and almost the same as 
that of Tohoku District (Umino and Hasgecawa, 1975). If the thickness of the lithosphere 
including the seismic zone is about 40 km, it can be understood easily how the folding 
can be produced by conservation of area at the junction. But the lithosphere has thick- 
ness of about 100 km near the Japan trench (Yosuu, 1973). It is quite reasonable that 
the descending lithosphere keeps its thickness to the depth of 150 km at least. If the 
whole lithosphere with thickness of 100 km is rigid body and is folding in such a narrow 
region as shown in Figs. 3 and 4, earthquakes may occur in the whole lithosphere and 
thickness of seismic zone must become 100 km. Figure 4 shows that there is no difference 
in thickness of the seismic zone even in the folded zone and that just only the seismic zone 
with thickness of about 40 km is folding. ‘These suggest that the thickness of rigid part 
in the lithosphere is about 40 km and that outer parts of the seismic zone in the lithosphere 
behave as a plastic body. TurcorTe et al. (1978) suggested the existence of plastic be- 
haviour of the lithosphere at the trench. 

The focal mechanisms of intermediate earthquakes in the folded seismic zone may be 
influenced by the development of the folding. Maximum compressional and tensile 
stresses of these earthquakes are expected to have directions nearly perpendicular to the 
folding axis. Focal mechanism solutions for earthquakes that occurred in and around 
Hokkaido, have been obtained by many authors (Icu1kawa, 1971; Isacks and MoLnar, 
1971; Koyama et al., 1973; Sasarant, 1976). Figure 6 shows distribution of the focal 
mechanism solutions after SAsATANI (1976). In and around the folded seismic zone, the 
distribution of maximum stress direction appears to be not systematic. Nos. 29 (hk=114 
km), 38 (k=133 km) and 51 (h=147 km) earthquakes in Fig. 6 having E-W directions of 
compressional axis, are probably affected by the folding. But Nos. 2 (h=300 km) and 
47 (h=169 km) direct their compressional axes almost parallel to the folding axis. These 
suggest that development of the folding affect the mechanisms of the earthquakes shallower 
than 150 km. 

Figure 7 shows the distribution of hypocenters deeper than 150 km on the azimuth- 
dip plane. In this depth range the folded structure disappears. ‘This suggests the ex- 
istence of lateral tensile stress to smooth the folding. In Fig. 6, Nos. 4 (h=240 km), 
8 (hk=280 km), 18 (h=309km), 20 (A=221 km), 22 (h=224km) and 36 (h=238 km) 
direct the axes of tension almost perpendicular to the folding axis. 

To establish the configuration of deep seismic zone and to understand how the folded 
seismic zone is smoothed, more data of deep earthquake are required. 

There are three notable arc-junctions in Japan. Aoxr (1974) investigated P-wave 
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Fig. 6. Focal mechanism solutions of earthquakes that 
occurred near the Hokkaido corner. In the solu- 
tion a filled small circle represents the axis of ten- 
sion and an unfilled small circle the axis of com- 
pression (after SAsATANI, 1976). 
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Fig. 7. Distribution of hypocenters of earthquakes on 
the azimuth-dip plane deeper than 150 km. 


travel time anomaly of Cannikin event and concluded that the descending lithosphere 
separates into two segments and overlapped beneath central Honshu. However, folded 
seismic zone is not found beneath central Honshu or any other arc-junctions except for 
the Hokkaido corner, 
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4. Attenuation of Seismic Waves in the Upper Mantle 


A large scale anomalous structure of the upper mantle beneath the island arcs of 
Japan has been confirmed by Ursu (1966) and Ursu and Oxapa (1968) from the evidence 
of anomalous seismic wave propagation. According to these studies, ratio of Q for high 
Q to low Q zones in the upper mantle is estimated to be 10. In this section, distribution 
of Q values for S wave in the low Q wedge beneath the Hokkaido corner using local earth- | 
quakes, is described. @ values are determined by using S/P method (Sacks and Oxapa, 
1974). In this method, the spectra of P and S waves originated from the same source are 
compared and two assumptions are required to obtain Q values. One is that ratio of Q 
for P wave to S wave is assumed to be constant. ANDERSON ef al. (1965) suggested the 
value of 2.25 for the ratio. The other, the source spectra of P wave and S wave are as- 
sumed to be identical. 

There are many methods for determination of Q (Okapa, 1977), for example, direct 
slope method (Asapa and Takano, 1963; Takano, 1966; Oxiver and Isacxs, 1967), 
spectral ratio method, comparative path method (Ursu and Oxapa, 1968), differential 
path method, and S/P method. S/P method, though containing some ambiguities, has 
an advantage for evaluating the regional variation of Q values beneath the island arcs. 

Forty earthquakes including several shallow earthquakes are used for the determina- 
tion of Q values. For spectral analysis, multichannel band-pass filters are used. The 
electric Q values of the filters are adjusted to be 20. Average amplitudes of P and S waves 
are measured from filtered records. Time intervals for the averaging are selected to be 
0.5 and 1.0 sec for P and S waves respectively. Distribution of the apparent @ values 
along the paths from hypocenters to stations is shown in Fig. 8. Beneath the central and 
northern parts of Hokkaido, apparent @ values appear to be 150, while southwestern part, 
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Fig. 8. Distribution of apparent Q values for S waves 
along the paths from hypocenters to the stations. 
Open circles denote epicenters of earthquakes 
shallower than 50 km, and solid circles those in 
excess of 50 km. Squares indicate locations of the 
stations. 
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it is about 70 for intermediate and deep earthquakes. For shallow earthquakes, Q values 
of about 400 are obtained beneath the southwestern part. To obtain the average Q values 
in the upper mantle, the effect of Q in the crust must be excluded. Apparent Q and 
travel time J are expressed simply by 
T/Q= T./Q¢ ay Tn/Qm, T=T.+Tn 

where T., Tn and Q,, Q, are travel times and Q values in the crust and upper mantle 
respectively. Beneath the central and northern part of Hokkaido, Q,, is estimated to be 
120 and southwestern part, to be 50. The latter is extremely low and smaller than that 
of central Honshu obtained by using the same method (Sacks and Oxapa, 1974). But 
this value is almost the same as those beneath the Lau basin, west off the Tonga arc 
(Barazanci and Isacxs, 1971) and northern part of New Zealand (Mooney, 1970), though 
different methods were used to estimate Q values. 

In the southwestern part of Hokkaido, high heat flow values (2-4HFU) are observed 
and high temperature in the upper mantle is estimated, while in the central and northern 
parts, heat flow values are not so high (1.0-1.5HFU) (Emara, 1974). Barazanct e¢ al. 
(1975) pointed out that the high attenuation zones correspond to the areas of high heat 
flow and low seismic wave velocities by using spectral ratios for P and #P phases. And 
they indicated that the upper mantle beneath the whole Hokkaido is a low attenuation 
zone, and they could not distinguish such a regional difference in Hokkaido. 

Distribution of Q values beneath Hokkaido obtained in this study suggests that high 
temperature and partial melting in the upper mantle is probably the main cause of the 
seismic wave attenuation. 


The author wishes to thank Professor Hiroshi Okada who read the manuscript. I am indebted to the 
seismological observatories and Research Center for Earthquake Prediction of Hokkaido University for 
supplying earthquake data. I also thank Drs. Hiromu Okada and Tohoru Nakajima for many criticisms 
and suggestions. The numerical calculations were carried out by FACOM-230-60/75 at the Computer 
Center of Hokkaido University (Problem No. 1001FR0420). 
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SEDIMENTARY PATTERNS IN APPARENT BACK-ARC 
BASINS: A CASE STUDY OF THE NEOGENE SEQUENCE 
IN NORTHWESTERN HOKKAIDO, JAPAN 
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In northwestern Hokkaido, where the Honshu and Kuril arcs intersect, an enormous 
pile of Neogene sediments (about 10 km thick) is developed in close relation to the Cenozoic 
orogenesis. The Kotanbetsu Formation, representing the lower to middle Miocene 
sequence of these sediments, exceeds 3 km in thickness and is characterized by gravity- 
flow deposits. The strata are divisible into three major facies: 1) chaotic deposits or 
olistostrome facies, 2) graded-bed or turbidite facies, and 3) ripple-bed or contourite facies. 

The chaotic deposit facies, rather restricted in distribution in the proximal parts of the 
basin, is further subdivided into three sedimentary types: pebbly mudstone, chaotic breccia, 
and matrix-deficient conglomerate. The graded-bed and the ripple-bed facies are pre- 
dominant in the relatively distal parts of the basin. The chaotic deposits were generated 
by intense tectonic movements of the ‘Mesozoic’ basement rocks thrust up to towards the 
west. ‘The graded beds were deposited from turbidity currents, although their current 
directions are not clearly defined, whilst the ripple beds were formed by southward-flowing 
contour currents. 

These characteristic sediments are comparable in their tectonic position of an apparent 
back-arc belt to the Onerahi Chaos-Breccia of Northland, New Zealand, related to the 
Miocene to Pliocene Kaikoura Orogeny. ‘The Kotanbetsu and its equivalents, however, 
may have been the deposits in basins produced by collision of two continental blocks, known 
generally as the Hidaka Orogeny, but not in the ancient back-arc belt. 


1. Introduction 

The structural framework of arc systems and their tectonic development have been 
studied in some detail in terms of plate tectonics. However, the sediments, an important 
component of arc systems, are not so well understood. ‘This paper presents an interesting 
example of the sedimentary features in tectonically active Neogene basins of the present 
back-arc area in northwestern Hokkaido. 

Neogene sedimentary basins in northwestern Hokkaido, which are developed along 
the western margin of the Hidaka Mountain Range, apparently occupy the present back- 
arc position. Sediments in these basins attain a tremendous thickness, probably more 
than 10 km, far thicker than contemporaneous sediments in other areas of Hokkaido 
(Fig. 1). Neogene sediments in the west of the Hidaka Mountain Range have long been 
regarded as postorogenic sediments of the so-called Hidaka Orogeny which made the 
backbone of Hokkaido by the early Miocene (Nacao, 1938; Minato ef al., 1965), and in 
this context the Kawabata Formation in central Hokkaido and the Kotanbetsu Formation 
in the northwestern part are well known, both representing postorogenic sediments. It 
is interesting to note that serpentinite sandstones occur in the sequence of the Kawabata 


Formation (OKxapa, 1964). 
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Fig. 1. Index map of Hokkaido showing major outcrops of Neogene 
sediments (dotted). Hatched are the exposures of the Kotanbetsu 
Formation, which are enlarged in Fig. 2. Columnar sections (A—E) 
showing generalized Neogene successions at some representative 
areas (Letters A-E correspond to those in the index map: A, 
Abashiri; B, Honbetsu; C, Haboro; D, western part of the 
Ishikari coal field; E, Setana; modified from Mrnato et al., 1965, 
pp. 262-263). a, unconformity; b, coarse clastics; c, pyroclastics; 
d, fine clastics. 


This paper, aimed at presenting the sedimentary characteristics of apparent back-arc 
basins, describes the lithofacies of the Kotanbetsu Formation and discusses its tectonic 
significance. 


2. Geologic Setting 


Neogene strata, underlain by the Upper Cretaceous and locally by the Paleogene, 
are excellently exposed in northwestern Hokkaido. They are composed mostly of marine 
water deposits and partly of brackish to non-marine water ones. The general stratigraphy 
of the Neogene in the central part (Shosanbetsu and Haboro areas) is summarized in 
Table | according to Matsuno and Kino (1958) and Hara (1961). The early Pliocene 
to late Miocene sequence of Table | was intensively studied by Uymé et al. (1977) in order 
to establish a combined microfossil-paleomagnetic-sedimentologic stratigraphy. Their 
study indicates that Neogene marine sediments reveal evidence of active arc magmatism 
at the time of deposition related to active plate motion and a remarkably fast rate of 
sedimentation. 

The early to middle Miocene Kotanbetsu Formation is very different in lithology 
and thickness from the rest of the Neogene (Fig. 1), as described in the following sections. 
This formation is most widely developed in northwestern Hokkaido, being accommodated 
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Fig. 2. Geologic map showing the distribution and major 
structures of the Kotanbetsu Formation (adapted from 
GEOLOGICAL SURVEY OF JAPAN, 1962, 1965). a, post- 
Kotanbetsu sequence; b, Kotanbetsu Formation (the 
Miocene sequence underlying the Kotanbetsu Forma- 
tion is included; c, Paleogene strata; d, Cretaceous 
sediments; e, serpentinite masses; f, thrusts; g, anti- 
clinal axis; h, synclinal axis; S, Shosanbetsu; H, 
Haboro; K, Kotanbetsu; R, Rumoi. 
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in at least three depositional basins which are separated by major thrusts with an NW-SE 
trend (Fig. 2; Marsuno, 1958). ‘These thrusts are regarded as synsedimentary tectonic 
structures, along which Upper Cretaceous sedimentary rocks are narrowly exposed, 
sometimes forming dome structures. The Kotanbetsu Formation also forms large-scale 
fold structures with N-S axes plunging gently northwards. Two major synclines and 
one major anticline are recognized in the Shosanbetsu area (Fig. 2), the anticline indicating 
oil seepage at some places along the crest. 


3. Sedimentology of the Kotanbetsu Formation 


3.1 Lithofacies 

The Kotanbetsu Formation, more than 3,000 m thick in the northern basin (Shosan- 
betsu area; see Fig. 2) is generally characterized by gravity-flow deposits. The formation 
is divisible fundamentally into three major facies: 1) chaotic deposit facies, 2) graded-bed 
facies, and 3) ripple-bed facies. 

I) Chaotic deposit facies. ‘This facies is rather restricted in distribution, mainly near 
the southern margin of the basin (Fig. 3). The facies may be further subdivided into 
three sedimentary types: la) pebbly mudstone, 1b) chaotic breccia, and Ic) matrix-defi- 
cient conglomerate. 

la) The pebbly mudstones are characterized by many pebbles, cobbles, and boulders 
randomly floating without clast contacts within non-stratified mudstones (Fig. 4). The 
clasts are generally fairly rounded. One of the pebbly mudstone sequences is about 200 m 
thick in the proximal part and traceable over 20 km, thinning out distally. The pebbly 
mudstones show the most extensive distribution of the chaotic deposits. 

Ib) ‘The chaotic breccias are composed mostly of subangular to angular pebbles, 
cobbles, and boulders together with blocks of varying sizes from less than 1 cm to more 
than 20m in diameter. The clasts show neither sorting effect nor preferred orientation. 
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Fig. 3. Columnar sections at some selected localities showing lithofacies changes in the Kotanbetsu 
Formation above the sequence of a tuff bed tf3 exposed to the northeast of Shosanbetsu (Fig. 2). 
Note also that the thickness of tf3 decreases northwards. a, claystone; b, ripple beds; c, graded 
sandstone beds; d, graded conglomerate beds; e, chaotic breccia; f, tuff. 


Boulders and blocks consist generally of mudstone and thinly alternating sandstone and 
shale of ‘cannibalistic’ origin. Many of the stratified rock clasts show contorted or folded 
structures, formed during the sliding down of the chaotic breccias. Smaller clasts con- 
sist of extrabasinal older sedimentary rocks such as sandstone, slate, chert, marl and lime- 
stone, granite, porphyry, basalt, and so on. The matrix of the breccia is either coarse- 
grained sandstone or claystone, and this forms 10 to 50% of the rock. The chaotic breccias 
are mostly developed in the southeastern part of the basin, exceeding 50 m in thickness. 
The occurrence of the chaotic breccias is shown in Fig. 5. 

lc) The matrix-deficient conglomerates are composed mainly of sorted, subangular 
to rounded pebbles and cobbles (Fig. 6). These consist of older (Mesozoic?) sedimentary 
rocks (mostly sandstone and slate), granite, basalt, rhyolite, porphyry, etc. ‘This kind of 
deposit is from several meters to some tens of meters in thickness, sometimes reaching more 


than 100 m. 
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Fig. 4. An exposure of pebbly mudstones, about 16 km east of Haboro. Clasts 
of varying sizes are embedded in mudstones. 


BOT IE DAR 


Fig. 5. Chaotic breccias, about 18 km east of Haboro, showing a large block 
of disrupted beds as large as at least 20 m. 


2) Graded-bed facies. This facies is characterized by graded sandstone and/or 
conglomerate beds. It is predominant in more distal parts of the basin than the chaotic 
deposit facies. Graded sandstone beds are variable in thickness from a few centimeters to 
5 m, whereas graded conglomerate beds are usually several meters thick. In many cases, 
graded conglomerate beds with gradually decreasing particle size change upwards into 
graded sandstones and finally into mudstones. Graded conglomerate beds almost always 
show reverse grading over several centimeters from their bases. In graded sandstone 
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Fig. 6. Matrix-deficient conglomerates in the river bed exposure in the upper 
course of the Sankebetsu River, about 17 km southeast of Kotanbetsu. 


Fig. 7. A very thick graded bed with granule conglomerates at the basal part 
which are gradually changed upwards into very fine-grained sandstones, 
showing a clean-cut bottom surface. 


beds, Ta, Tb, and Tb-c of the Bouma sequence (Bouma, 1962) are common as internal 
structures. Usually the bottom surface of the graded beds is remarkably flat (Fig. 7). 

3) Ripple-bed facies. This is represented by mudstones frequently intercalated by 
rippled thin beds of fine- to medium-grained sandstones (Fig. 8). ‘These sandstone beds 
show some characteristic features: a) both upper and lower surfaces are sharply defined, 
b) small-scale ripple marks are developed on the surface, c) minor cross-lamination is 
common as internal structures, d) no graded-bedding is observed at all, e) the thickness of 
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Fig. 8. Typical exposure of the ripple-bed facies in the river bed of the 
Kotanbetsu River, about 6 km southeast of Kotanbetsu. 


beds ranges from 0.5 to 3 cm, and f) the sandstones are deficient in matrix and well sorted 
in texture. Sometimes a type of ripple-bedding known as flaser-bedding is observed, 
which shows rippled sand lenses preserved within the mud, with mud streaks in the troughs 
and on the crests of ripples. 

Horizontal and vertical distributions of the lithofacies described above are summarized 
as follows: the Kotanbetsu Formation as a whole shows that the chaotic breccia facies is 
developed in the most proximal or southeasternmost part of the basin, the pebbly mudstone 
and matrix-deficient conglomerate facies are more prominent in the proximal part, the 
graded bed facies is developed in more distal parts than the chaotic breccia facies, and the 
rippled bed facies is characteristic of the most distal part or the northernmost area of the 
basin (Fig. 3). 

The vertical succession of the Kotanbetsu Formation generally shows a rhythmic 
stratigraphic pattern, which is distinguished by a unit sedimentary cycle (in ascending 
order): graded conglomerate-graded sandstone—mudstone with rippled or graded sand- 
stone beds. The thickness of the unit sedimentary cycles ranges from 20 to 100m. The 
mudstone sequence of unit cycles tends to predominate in the more distal areas. 

As stated above, the general lithology of the Kotanbetsu Formation shows a gradual 
predominance of the fine-grained facies northwards or in distal areas. At the same time, 
not only single beds but also particular stratigraphic sequences decrease their thickness in 


the same direction (see a tuff bed tf3 in Fig. 3 and the sequence between tuff beds tf2 and 3 
in Fig. 9). 


3.2 Paleocurrents 


Paleocurrent analysis was attempted, using sole markings such as flute marks, groove 
marks, etc. as well as ripple marks and cross-stratification. Sole markings indicate strong 
westward-flowing currents at the southwesternmost part of the Shosanbetsu basin, but 
are too poorly developed to show general current directions in the distal areas. On the 
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Fig. 10. Map showing paleocurrent directions in the sequence above Tuff 3 
in the northern basin of the Kotanbetsu deposits. Outer circle, ripple 
marks and cross-laminations; inner circle, sole marks. 


contrary, ripple marks and cross-laminae show southward movements of bottom waters 


(Fig. 10). 


3.3 Composition 

For the conglomerates and breccias, the boulders and blocks are composed mostly 
of mudstone and stratified sedimentary rocks of ‘cannibalistic’ origin and partly of Meso- 
zoic (?) sandstones and other sedimentary rocks, while granules, pebbles, and cobbles 
consist for the most part of Mesozoic (?) sandstone and slate (more than 80%) and partly 
of limestone, marl, chert (<5%), granite (<<15%), porphyritic rocks, rhyolite, andesite, 
basalt, basic tuff, and others (<3°%). Of these components, limestone and granite are 
relatively concentrated locally. 

The sandstones are generally well-sorted, fine- to medium-grained and calcite- 
cemented. As Fig. 1] shows, major constituents of the sandstones are characterized by 
the overwhelming amount of lithic fragments derived from sedimentary rocks and igneous 
rocks as well as by a deficiency of quartz grains. Heavy minerals of the sandstones are 
characterized by rounded grains of zircon, tourmaline, rutile, and garnet and less worn 
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Fig. 11. Ternary diagram showing the composition of the Kotanbetsu 
sandstones, which are classified as the lithic arenite. 


grains of augite, hornblende, epidote, anatase, etc. ‘They suggest that sedimentary rocks 
and volcanic rocks were important as source rocks. 


4. Discussion 


During a short time span of the early to middle Miocene, an enormous pile of clastic 
sediments of the Kotanbetsu Formation was developed under the control of gravity in 
rapidly subsided basins along the western margin of the meridional Hidaka Mountain 
Range. The Kotanbetsu sedimentary basin seems originally to have been separated into 
some minor basins with an N-S direction (Matsuno, 1958). ‘These minor basins might 
have been formed through the development of the NW-SE trending faults, along which 
Mesozoic and Paleogene basement rocks were thrust up to form raised topographic features. 
Such active tectonic uplifts supplied detritus to the basins, and the cyclic stratigraphy of 
the Kotanbetsu Formation suggests rhythmic upheavals of these uplifts. 

The lithology, geometry of the strata and the paleocurrent system suggest that the 
clastics of the Kotanbetsu Formation were supplied from the southeast. The sedimentary 
features summarized in the preceding section lead us to interpret the chaotic breccias as an 
olistostrome (in the sense of ELrER and Trevisan, 1973) resulting from intense tectonic 
movements of the basement rocks thrust up to the west. The matrix-deficient conglom- 
erates are assigned to grain-flow deposits defined by Mippieron and Hampton (1976). 
The graded-bed facies represents turbidity-current deposits or turbidites, and the ripple- 
bed facies implies contour-current deposits or contourites (see Bouma, 1972). The 
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turbidity currents may have flowed in the proximal part mainly from the east to the west, 
but in the distal part it is rather difficult to define general current directions. However, 
the contourites were formed mainly by southward-flowing bottom currents. 

The Kotanbetsu basin, characterized by thick gravity-flow deposits, extends south- 
wards into the contemporaneous Kawabata basin filled up by similar sediments, and 
further southwards into the Neogene sedimentary basin called the Hidaka Trough (Isut- 
wapba and Ocawa, 1976) with more than 8 km of sediments. These depressions seem to 
represent the final stage of a collision of two continents, the western Hokkaido west of the 
Kamuikotan Belt and the Okhotsk Platform, which took place from the late Cretaceous 
to the early Miocene, as is advocated by Grapgs (1978). A series of the movements may 
correspond to the so-called Hidaka Orogeny, as was first argued by Horikosur (1972). 
Westward upthrusting or overthrusting of basement rocks due to the southwestward 
movement of the Okhotsk Platform, depressing the eastern margin of the western Hokkaido 
block, developed these deep Neogene basins, which was most intense during Miocene time. 
In a sense that these basins apparently occupy the present back-arc belt in terms of arc 
tectonics (Dickinson, 1974), the Kotanbetsu deposits are comparable to the Onerahi 
Chaos-Breccia (KEAR and WarTERHOUSE, 1967) of Northland, New Zealand, which is 
related to the Miocene to Pliocene Kaikoura Orogeny (GRINDLEY, 1974). However, the 
Kotanbetsu and its related sediments cannot be regarded as representing the back-arc 
position, because they may have been deposited in basins developed by a collision of two 
continental blocks. 

In addition, it is interesting that the Kotanbetsu and its equivalents are developed 
at the present arc-junction between the Honshu and Kuril arcs, where the folded seismic 
zone was recently discovered by Morrya (1978) beneath the arc junction. In order to 
understand more fully the original tectonic setting of the present Neogene sedimentary 
basins, mutual relationships between these facts should be analyzed. It is also obvious 
that the Kotanbetsu and its equivalent sediments were deposited at a time of intense arc 
tectonism related to active plate movement in the North Pacific (HiLpeE et al., 1977; 
Nutsuma, 1978, among others). 


5. Summary and Conclusions 


This sedimentological study was carried out on the middle Miocene Kotanbetsu 
Formation which is a part of the very thick Neogene sediments in the west of the Hidaka 
Mountain Range, where the Honshu and Kuril arcs meet. The results of the study are 
summarized as follows: 

The Kotanbetsu Formation, more than 3,000 m thick, was deposited in rapidly sub- 
siding basins in a short time span within the early to middle Miocene, which seem originally 
to have been divided into some minor basins open to the northwest, arranged en echelon 
in an N-S direction. They were under active tectonic controls mainly due to thrust 
movements of basement rocks composed mainly of probably Mesozoic rocks, which 
provided such characteristic sediments as gravity-flow deposits. 

The sediments of the Kotanbetsu Formation are divided into three major facies: 
1) chaotic deposit or olistostrome facies, 2) graded-bed or turbidite facies, and 3) ripple- 
bed or contourite facies. The chaotic deposit facies is further subdivided into three sedi- 
mentary types: la) pebbly mudstone, 1b) chaotic breccia, and lc) matrix-deficient 
conglomerate. ‘The first type shows the most extensive distribution; the second one is 
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the most characteristic of the chaotic deposits, consisting of granules to boulders and 
blocks of varying sizes, of both intrabasinal and extrabasinal origins; the last one is 
characterized by sorted, subangular to rounded cobbles of extrabasinal origin. The 
chaotic breccias are mostly developed in the proximal (southern) parts of the basin. The 
graded-bed facies is predominant to the north of the chaotic breccia facies, and the ripple- 
bed facies is developed in the distal (northern) parts of the basin. The general lithology 
of the Kotanbetsu Formation shows a gradual predominance of the fine-grained facies 
northwards or in the distal areas. 

The paleocurrent system and other sedimentary features suggest that the clastics were 
supplied from the southeast: the chaotic breccias were developed in the most proximal 
parts owing to intense tectonic movements of the basement rocks thrust up westwards. 
The graded beds were deposited from turbidity currents, though direction of these current 
flows is not clearly defined owing to a paucity of measurable sole markings. The ripple 
beds were developed in the mudstone facies by south-flowing contour currents. 

The composition of the sediments is characterized by the predominance of clasts from 
both older and contemporaneous sedimentary rocks together with some igneous rocks. 

Although the apparent tectonic position of the Kotanbetsu Formation in the present 
back-arc belt is similar to that of the Onerahi Chaos-Breccia of Northland, New Zealand, 
related to the Miocene to Pliocene Kaikoura Orogeny, the Kotanbetsu and its equivalents 
may have been deposited in basins developed by a collision of two continental blocks, 
which seems to correspond to the so-called Hidaka Orogeny. Therefore, the Kotanbetsu 
and its related sediments do not represent the ancient back-arc belt. 
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Seismic waves generated by two explosions of dynamite, 5 tons each, in the Sea of Japan 
off the coast of northern Honshu were observed at more than 100 temporary and permanent 
seismological stations in the Hokkaido, Honshu, Sado, and Oki islands. A purpose of 
these measurements was to extend our investigation of lateral variation in Pn velocity which 
has been found around northeastern Japan in the previous explosion experiments. In fact, 
a lateral variation in Pn velocity by about 5°% was confirmed in regions of the uppermost 
mantle below the Sea of Japan and the Honshu island, although the boundary where the 
velocity change takes place was not determined. 

The measurements have also revealed an indication that the upper mantle just beneath 
the Moho interface under the area in the southeastern half of the Sea of Japan is aniso- 
tropic with respect to P-wave velocity. The velocity variation in the anisotropy is approx1- 
mately 0.4 km/sec (i.e., 5°%,) about a mean velocity of 7.94 km/sec. The direction of the 
maximum velocity is 141° E of north which corresponds roughly to a direction perpen- 
dicular to the general trend of northern Honshu as well as to magnetic lineations. 


1. Introduction 

Until recently, seismic anisotropy of the uppermost mantle has been revealed in a 
number of oceanic areas (Rarrv et al., 1969; Morris ef al., 1969; Kren and TRAMONTINI, 
1970; Keen and Barrett, 1971) and has been considered as a typical and exclusive prop- 
erty of the upper mantle under the ocean. More recently, explosion-seismic experiments 
provided an evidence that the seismic anisotropy is also present in the upper mantle under 
the continent (BAMForD, 1973, 1976, 1977). Furthermore, in the long-range observations 
of large explosions, Hirn (1977) presented some evidence of anisotropic propagation of 
mantle phase beneath the European continent, from which an anisotropic layer was 
inferred at depths where the lithosphere-asthenosphere transition is supposed to be. 

All these measurements provide variations in the mantle P-wave velocity with azimuth, 
amounting to 3-8% of the mean velocity; the direction of maximum velocity has been 
obtained to be approximately parallel to the strike of the nearest fracture zones, 1.€., per- 
pendicular to the ridge axis or perpendicular to magnetic lineations in the ocean (e.g., 
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Rarrr et al., 1971) and also to be parallel to the tectonic trend in the continent (e.g., Fucus, 
Loe 

The Sea of Japan is a marginal sea with two major structural provinces, separated 
approximately at 40°30’N (Hitpr and Waceman, 1973). North of this latitude is the 
large Abyssal Plain of the Japan Basin. South of 40°30'N, ridge and trough topography 
is predominant, including the Yamato Rise, Tsushima Basin, Yamato Basin, and the 
ridges and troughs along the continental slope off Honshu; the dominant structural trend 
of the ridges and troughs is roughly northeast to southwest. 

In the Sea of Japan, magnetic surveys have extensively been carried out by Yasul 
et al. (1967) and Isezaxti et al. (1971). Using all the available geomagnetic data in the 
Sea of Japan, Isezaxr and Uvepa (1973) established that sublinear magnetic anomalies 
run subparallel to the general trend of the Japanese islands. 

The Sea of Japan is also characterized with high heat flow which indicates that the 
isotherms are anomalously raised under the Japan Sea bottom (WaTANABE, 1972). 

From all these features, reflecting the dynamic processes in the crust and upper mantle, 
it was inferred that some seismic anisotropy would be induced in the upper mantle under 
the Sea of Japan. In 1976 the Research Group for Explosion Seismology carried out 
explosion-seismic experiments with two shots in the Sea of Japan off northern Honshu and 
with observation stations in the Hokkaido, Honshu, Sado, and Oki islands. The main 
purpose of the experiments was to extend our investigation of the lateral variation in Pn 
velocity, which had been studied during the preceding few years in the regions from the 
Honshu island to the Pacific area around the Japan trench. ‘The distribution of the shot 
points and observation stations in the experiments was suitable for the purpose, but of less 
ideal for measurements of the anisotropy in the uppermost mantle under the Sea of Japan. 


2. Explosions and Observations 


Explosives, 5 tons of dynamite for each shot, were fired at a depth of 175 m in the Sea 
of Japan about 250 km off northern Honshu on July 28 and 30, 1976. The two explosions 
in the experiments are the fourth and fifth ones in a series of experiments conducted as a 
part of the Japanese Geodynamics Project, in which “‘Seiha Maru,” a salvage ship of 
Nippon Salvage Company, was used as the shooting vessel. The shot points will then be 
referred to as SEIHA-4 and SEIHA-5, respectively. The locations of the shot points are 
41°31.9’N and 137°31.1’E for SETHA-4, and 39°28.0’N and 137°03.6’E for SEIHA-5, 
respectively, which were fixed by satellite navigation. The shooting procedure was the 
same as that in the previous experiments (Asano ¢¢ al., 1978; Oxapa et al., 1978). 

For the two shots Pn arrivals were recorded at 103 temporary and permanent seis- 
mological stations in the Hokkaido, Honshu, Sado, and Oki islands. In the experiments 
an ocean bottom seismometer was also anchored at a point about 160 km east of shot point 
SEIHA-4, but because of anomalous arrival times the data obtained by the OBS were not 
used in the analysis. 

Figure | shows the locations of the shot points and observation stations. Crosses are 
the shot points and circles, the stations. In the figure, four profiles, Pl, P3, P4, and P5 
of the seismic refraction surveys by Murauchi et al. (JAPANESE NATIONAL COMMITTEE FOR 
THE UMP, Science Councit or JAPAN, 1967) are also shown. The results from these 
surveys will be referred to later. 

Among these stations we selected 27 stations which are located less than 50 km land- 
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Fig. 1. Shot points and observation stations. Crosses 
designated by SEIHA-4 and SEIHA-5 represent 
the shot points; solid circles show the stations at 
which the data used in the analysis were obtained 
and open circles show other stations. Segments 
designated by Pl, P3, P4, and P5 are the seismic 
refraction profiles by Murauchi ef al. (JAPANESE 
NATIONAL COMMITTEE FOR THE UMP, ScrENcE 
Councit oF JAPAN, 1967) 


wards from the coastline along the wave paths. ‘The selection of the stations was mainly 
to focus the present study on data pertinent to the properties of the uppermost mantle 
beneath the sea. Such data are to be provided by the selected stations because these 
stations have 30-50 km offset distance of Pn arrivals and more than 80% of the wave paths 
to these stations are under the Sea of Japan. ‘The selected stations, represented by solid 
circles in Fig. 1, are distributed in a distance range of 200-750 km with an azimuthal range 
of 40°-220° E of north, and wave paths from the shot points to the stations are almost 
uniformly spread out over a nearly semicircular area in the southeastern half of the Sea of 


Japan. 


3. Travel Time Data 


The Pn arrivals from the two shots were observed at a total of 44 stations: 18 for 
SEIHA-4 and 26 for SEIHA-5. ‘Travel times of the arrivals were determined with an 
accuracy better than 0.1 sec. 

Clearly the amount of data was so little that the crust and upper mantle structures 
could be derived neither beneath the shot points nor beneath the observation stations. 
For the present purpose, however, it is enough that only the Moho-time terms can be 
estimated at the shot points and stations. "The Moho-time terms at the shot points could 
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Fig. 2. Reduced mantle travel time plots. 4 is distance from shot 
point to station. 


be estimated on the basis of the crust and upper mantle structures derived by Murauchi 
et al. (JAPANESE NATIONAL COMMITTEE FOR THE UMP, Science CounciL or JAPAN, 1967) 
for four refraction profiles P1, P3, P4, and P5 (Fig. 1). The smallest one among the Moho- 
time terms given by the structures is 3.04 sec at profile P3 located very near the northern 
Honshu, the largest one 3.81 sec at profile P1 located in the Japan Basin, and the average 
of all the time terms 3.40--0.34 sec. Throughout the analysis, the average time term is 
assumed for the Moho-time terms at both shot points. 

The Moho-time terms at stations except ones where crustal structures were available 
were estimated by using the relationship between Moho-time term and Bouguer gravity 
anomaly obtained by Oxapa et al. (1978). The relationship will give time terms in which 
errors are less than 0.33 sec that has little effect on the results to be obtained. ‘The Bouguer 
gravity anomalies required at stations were provided by the map of Bouguer gravity anom- 
alies in Japan (Tomopa, 1974). 

If the Moho-time terms estimated for a shot point and station are subtracted from 
original travel time of the station, the residual gives a time of propagation taken by waves 
which propagate from a point under the shot point to a point under the station in the 
mantle just below the Moho interface. The residual time will be referred to as the mantle 
travel time for simplicity. 

Figure 2 shows the mantle travel times for the two shots plotted against distances with 
the reduction velocity 8.0 km/sec. As shown in the figure, the mantle travel times are 
largely scattered between —2 and +2 sec with an indication that most arrivals for SEIHA- 
4 are early relative to those for SETHA-5 at stations 300 to 500 km distant from shot point. 
From this figure, it is difficult to find any dependence of travel times on distance. How- 
ever, it should be noted that a velocity given by a line roughly fitting these travel time plots 
is 7.9 km/sec which is higher by 5% than the velocity in the topmost mantle under northern 
Honshu (Asano et al., 1978). ‘The difference between these velocities should be taken as 
an evidence for a lateral change in the velocity in the upper mantle below the Sea of Japan 
and the Honshu island, although the boundary where the velocity change occurs is not 
determined. 

The mantle travel times are plotted again as a function of azimuth in the upper part 
of Fig. 3, the lower part of the figure being the corresponding distance. As can be seen 
in the figure, the mantle travel times for both shots are distributed so as to supplement with 
each other, and as a result the variation of the mantle travel times shows a clear depend- 
ence on the azimuth. It may be a question whether the observed azimuthal dependence 
of the mantle travel time is a spurious one resulting from the distribution of the stations 
with different distances. However, the question was to some extent answered by con- 
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Fig. 3. Reduced mantle travel times and their corresponding 
distances versus azimuth. 
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Fig. 4. Pn interval velocities as a function of azimuth. 


verting the mantle travel time into Pn interval velocity, with which the Pn phase traveled 
from a point under the shot point to a point under the station in the upper mantle just 
below the Moho interface. The Pn interval velocity is the velocity given by dividing the 
distance between shot point and station by the mantle travel time. Figure 4 shows the 
Pn interval velocities as a function of azimuth. The interval velocity also has a clear 
dependence on the azimuth. Figure 5 is a map to show spatial distribution of wave paths 
along which the interval velocity is either higher or lower than the average interval velocity. 
The stations in northern Honshu provide an evidence that the azimuthal dependence of 
the interval velocity is not produced by local effects of certain stations where arrivals are 
always either early or late. This evidence is also given in Table | in which listed are the 
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Fig. 5. Map showing spatial distribution of wave paths along which 
the interval velocity is either higher (solid line) or lower (dotted 
line) than the average interval velocity 7.95 km/sec. 


Table 1. Data on azimuths, distances, reduced mantle travel times, and interval velocities for two 
shots at stations FUT, OGR, NIB, IWM, OGA, and HOJ in northern Honshu. 


SEIHA-4 SEIHA-5 
: ; Interval c : Interval 
: Azimuth Distance T’—4 ° Azimuth Distance T’—4/8 : 

Station (om of Ny) (km) (sec) donee CEoafN) Gan) (sec) jose 
FUT 124.05 274.68 0.16 7.96 74.41 280.64 Lid 7.76 
OGR 128.10 283.64 0.21 7.95 78.46 271,36 0.52 7.88 
NIB 129.50 301.36 —0.45 8.10 82.24 277.97 0.35 7.92 
IWM 129.69 311.01 —0.35 8.07 83.81 283.96 0.26 7.94 
OGA 133252 263.32 —0.40 8.10 78.39 238.04 0.69 7.82 
HOJ NS e293 331.63 —0.73 8.14 93.05 269.89 0.38 7.91 


data on azimuths, distances, reduced mantle travel times, and interval velocities for the 
two shots at 6 stations: FUT, OGR, NIB, IWM, OGA, and HOJ in northern Honshu. 
Table | provides that the interval velocities for SEIHA-4 are higher than the average in- 
terval velocity 7.95 km/sec and those for SEIHA-5 lower than the average. While the 
distance differences at a station for both shots are less than 20°4, most differences in the 
reduced travel time between both shots evidently exceed the errors included in the Moho- 
time terms at shot point and station. From these data, it may be concluded that the dif- 
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ference of interval velocities for both shots is not a spurious but actual one and will be 
attributable to the nature of the uppermost mantle under the area of investigation. 


4. Results of Analysis 


Among various possibilities to cause the azimuthal dependence of the reduced travel 
times, or of the interval velocities are lateral variations in Pn velocity and velocity aniso- 
tropy in the uppermost mantle under the sea. 

In the present paper, we shall try to analyze the data on the assumption that the ob- 
served azimuthal variation is due to the velocity anisotropy existing in the uppermost 
mantle under the Sea of Japan. 

According to Backus (1965), for a small anisotropy the P-wave velocity Vp may be 
represented by a constant term and a perturbation term that depends upon azimuth, that 
is, 

V,=cp+A cos 26+B sin 26+C cos 46-+-D sin 46 (1) 
where ¢, is the assumed isotropic velocity, and ¢, the azimuth. In this paper, V» cor- 
responds to the Pn velocity observed and the azimuth is measured clockwise from the north. 
If such anisotropy is assumed in the uppermost mantle over which the crust has a gently 
undulating structure beneath the area of investigation, the theoretical Pn travel time ¢;; 
between the 7-th shot point and the j-th station may be written as 

bij=4; +4; +Dj;[Vot+(1/Vo?) (Ri+R;—Dis)- 

(A cos 2¢+B sin 2¢6+C cos 46+D sin 44) (2) 

where Vo is the velocity averaged over all angle and a’s represent the Moho-time terms 
corresponding to this velocity of the i-th and j-th area, respectively. Dj; is the distance 
between the shot point and station, and R’s are the offset distances at 7-th and j-th area, 
respectively. 

The method to measure the anisotropy based on a set of travel times, Eq. (2), has been 
developed by Rarrr et al. (1969) and Morris et al. (1969). The method is particularly 
suited to experiments in which large amounts of data are available from uniformly dis- 
tributed shot points and stations. If least squares analysis is applied to the data, not only 
the numerical values of A, B, C, and D of Eq. (1), or of Eq. (2), that is, the variation of 
velocity with azimuth but also the time terms and the averaged mantle velocity will be 
determined. 

In the present experiments, the observations of Pn arrivals were made on a semicircle; 
furthermore, the amount of data is relatively small so that it is difficult to calculate even 
the time terms. Therefore, direct application of the method to the data seems to be im- 
practical. In the present analysis, however, not only the Moho-time terms but also the 
offset distances at the shot points and stations may be taken as known quantities. Of 
course, the Moho-time terms and the offset distances include errors due to the fact that 
these quantities have been estimated without taking account of anisotropy in the mantle. 
Practically the uncertainties were too small to produce serious errors in the solutions. 
In the calculation, the 4¢ terms in Eq. (2) were ignored since the coefficients C and D are 
in general much smaller than the coefficients A and B, and the offset distances at all the 
stations were assumed to be 43.4-++4.6 km that is the average of all the offset distances 
calculated from the structures. The structures were determined by the past seismic re- 
fraction experiments in the Japanese islands. In addition, the offset distances at both shot 


Azimatn (Gast ef NMertn}) 


points were also asswmed to be 144+43.] kim that is the average of all the offset distances - 


estimated frown the structures in profiles Pl, P4, and P5. 

Figure 6 shows a least-squares fit of the velocity anisotropy given as deviations from the 
uneam Welloctity. Im the figure, the refraction results obtained by Murauchi ¢f al. (JAPANESE 
Namonan Commmrrss ror tae UMP, Scuxce Counc oF Japan, 1967) in the Sea of 
Japan are also showin. The refraction results at cach profile is plotted on two azimuths 
whach are different by 180° from each other, because there is uncertainty by 180° in the 
Girectnom of themr results. ‘As can be seen im the figure, the refraction results except for 
the Japan Basin well supplement the results we obtained. As the Japan Basin has topo- 
graphic features different from those im the area of the present investigation (Hmmpr and 
Wacsman, 1973), the directions of anisotropy may be also different in the two areas. 

The maximum velocity obtained occurs im a southeast-northwest direction, that is, 
M1°E of morth. The velocity in this direction is @.4 km/sec greater than the minimum. 
The difftremce between the maximum and minimum velocities amounts to about 5%, 
winch is waithim the range of anisotropy im the uppermost mantle observed to date in the. 
Paciic Oceam. The mean velocity was obtained to be 7.94 km/sec which is lower by 2- 
4% tham those observed im the Pacific Ovean. 

Table 2 gives the least squares regression results for an anisotropic upper mantle as 
well as am Bsotropac omes. Comparison between the results shows that standard error about 
the regression for amisotropy is smaller than that for isotropy, and hence allows us to con- 
Chace that the amisotrapac upper mantle under the Sea of Japan is probably real. 
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Table 2. Comparison of least-squares regression results of anisotropic 
upper mantle with those of isotropic one. 


Std. error : Ani 
Mantle about Sri ee sera ed 
material regression ek idea cao rel.) 
ies (km/sec) (km/sec) ee Ny 
Tsotropic 1.7006 7.882 +0.018 
Anisotropic 0.8060 7.936 40.015 0.195 +0.023 141.1+0.2 


5. Discussion 


For the possibilities to cause the azimuthal dependence of the reduced travel times, 
or of the interval velocities, the lateral variations in Pn velocity and velocity anisotropy 
may be considered. The lateral variations in Pn velocity may be produced by such a 
model that a low velocity material occurs in several regions in the upper mantle. In this 
model, the low velocity material has to be located at both regions off southwest Honshu 
and off southwest Hokkaido. A sequence of thin vertical layers with alternating high and 
low velocities such as dyke injections is a model of the layering anisotropy (KUMAzZAWA, 
1964; Fucus, 1977). Based on the model, the dyke has to be oriented perpendicular to 
the general trend of the Japanese islands, or unlikely large fraction of the dyke material 
has to be located in the uppermost mantle under the Sea of Japan. However, no evidences 
to suggest these models have been reported. At the present stage, these models are un- 
likely to be applicable to our case. 

The most favorable model to explain the observed azimuthal dependence of the re- 
duced travel times, or of the Pn interval velocities is the velocity anisotropy due to crystal 
anisotropy in the upper mantle (DE Rorver, 1961; Hess, 1964). Although pyroxenes 
in eclogites show considerable preferred orientation, eclogites in bulk do not show signifi- 
cant anisotropy (KumaAzawa et al., 1971). On the other hand, olivine grains in perido- 
titic rocks usually show the pronounced preferred lattice orientation (PHiLiips, 1938; 
TuRNER, 1942) and the presence of large velocity anisotropy in peridotitic rocks has been 
confirmed by a number of authors (e.g., CHRISTENSEN, 1966; KasaHara ef al., 1968; 
Kern, 1978). 

If the genetical and evolutional environments (temperature, stress and the resulting 
deformation) in the upper mantle are uniform in a region, the pattern of preferential orien- 
tation of olivine is expected to be uniform, giving rise to the uniform anisotropy in the region. 
On the assumption of uniformity in the anisotropy type as well as in the mean velocity in 
the upper mantle under the Sea of Japan, we have obtained the anisotropy of 5% and the 
mean Pn velocity of 7.94km/sec. The degree of anisotropy 5% obtained here is quite 
reasonable in magnitude for peridotitic rocks and is also the same magnitude as those 
observed in the upper mantle under the Pacific Ocean (Rarrt ef al., 1969; Morris et al., 
1969). However, the mean velocity 7.94 km/sec is lower by 2-4°% than those reported in 
the Pacific Ocean. This difference raises a question whether the present peridotite model 
for the upper mantle under the Sea of Japan is adequate or not. 

To account for the low mean velocity observed, we have referred to the measurements 
of velocities of peridotite under the simultaneous action of high temperature and high 
confining pressure by Martsusuima and AKeEnr (1977), and Kern (1978). According to 
their measurements, the low mean velocity may be observed as a velocity of the peridotitic 
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upper mantle only if temperature at depths in the upper mantle under the Sea of Japan 
is higher by 200-300°C than that under the Pacific Ocean. 

In fact, heat flow measured in the Sea of Japan is anomalously high (Yasur e¢ al., 
1968) as indicating that the‘4sotherms are abnormally raised under the sea bottom. Based 
on the heat flow measured, the temperature difference under the Sea of Japan and the 
Pacific Ocean at depths just beneath the Moho interface is estimated to be more than 200 2, 
(Wartanase, 1972), which would have yielded the observed low mean velocity. 

The direction of the maximum velocity seems to roughly agree with a direction per- 
pendicular to the axis of the northern part of Honshu as well as to the long axes of three 
main ridges in the Sea of Japan: the Yamato, Oki, and Sado ridges, which are located in 
the area of investigation. 

In Fig. 6, the shaded portion shows the range of azimuth perpendicular to magnetic 
lineations (IseEzAKI and Uyepa, 1973). As can be seen in the figure, a surprisingly close 
agreement between the direction of the maximum velocity and that perpendicular to the 
magnetic lineations can be recognized. Such agreement has been observed also in the 
northeast Pacific where significant anisotropy has been observed (Rarrr et al., 1969; 
Morris et al., 1969). 

The present paper is the first to suggest the presence of velocity anisotropy in the upper- 
most mantle under the Sea of Japan, the marginal sea. Although more detailed measure- 
ments might be required to confirm the suggested anisotropy, the result we obtained would 
be an evidence in favor of the view that the Japan Sea floor evolved through a similar 
spreading process to that occurring at the midoceanic ridges. 


6. Conclusions 


Seismic waves generated by two explosions, 5 tons each, in the Sea of Japan off the 
coast of northern Honshu were observed at more than 100 seismic stations in the Japanese 
islands. First arrival data obtained at 27 selected stations which are located on the Japan 
Sea side of Hokkaido and Honshu islands as well as in Sado and Oki islands were analyzed. 
Although the observations were made only on a semicircular area, the results presented 
here demonstrate that the anisotropy of Pn velocity is required by the data. The velocity 
variation is approximately 0.4 km/sec (i.e., 5%) about a mean velocity of 7.94 km/sec, 
and the direction of the maximum velocity is 141° E of north which agree with a direction 
perpendicular to magnetic lineations. 
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Geodynamics and tectonic evolution of the North-Eastern Asia was determined by the 
establishment of those structural elements in the geological sections which are typical of the 
modern active continental margins. 

The Neogene island arcs on the majority of their strike coincide with the modern ones 
(the Kuril-Kamchatka) but locally they are broken up (the Western Sakhalin). They are 
conjugated with the back, front and interarc troughs. The Paleogene island arc occurs, 
probably, in the northwestern Kamchatka and on the Academy of Sciences uplift in the 
Sea of Okhotsk. The Early Mesozoic Uda-Murgal island arc marks the southeastern 
boundary of the ancient Eastern Siberia megablock. Along its southern and northern 
boundaries the island arc complexes of the same age are distinguished. Position of Eugeo- 
synclinal zones on the outer side of the island arcs indicates the isolation of the Eastern 
Siberia megablock from the Bureya-Ehanka, Okhotomorskiy and Chukotka ones the 
basement of which is composed by the Early Precambrian metamorphic complexes of sialic 
composition and granitoids. ‘Tectonic movements at the end of Neocomian are expressed 
in the formation of the Andian type active continental margin with the Okhotsk-Chukotka 
margin-continental volcanic belt originated on a site of the Uda-Murgal island arc. This 
process was accompanied by the geometrical changes of the Benioff zone determined by the 
analysis of K2O content in volcanites on the base of Dickinson and Hatherton’s diagrams 
—the angle of dip became more gentle, the width along the dip and depth of the magma 
active part of the Benioff zone were increased. Simultaneously with the development of 
the Okhotsk-Chukotka volcanic belt there was formed the island arc on the East of the 
Sikhote-Alin. Owing to the Pre-Senonian movements on a site of this arc the Eastern 
Sikhote-Alin margin-continental volcanic belt similar to the Okhotsk-Chukotka one origi- 
nated. 

Many of the island arcs and margin-continental volcanic belts occur along the margins 
of the ancient sialic megablocks. Paleotectonic reconstructions prove the fact that there 
were significant horizontal displacements of the sialic megablocks causing the crash of the 
oceanic basins situated between them. The enlargement of the eastern part of the Asian 
continent took place not only at the expense of the island arcs displacement towards the 
ocean, but also due to the sialic blocks joining. 


Geodynamics and tectonic evolution of the continental margin is revealed by the 


determination of those structural elements in the geological sections which are typical of 
the modern and Late Cenozoic geosynclinal systems (island arcs). 
attention is paid to the tectonic position and nature of volcanic belts of different types and 
ages widely distributed in the North East of Asia. They help to reconstruct the former 
plate boundaries and to determine the kinematics of their movements accroding to the 
plate tectonics models. Among them we distinguish: (1) the inner island arcs or volcanic 
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The most significant 
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geanticlines, (2) margin-continental volcanic belts, (3) plateau-basalts coinciding with 
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the margin-continental belts in the space but being the independent formations. 


1. Main Tectonic Units 


There are Cenozoic geosynclinal and Mesozoic folded geosynclinal systems following 
each other from the Siberian Platform to the ocean. 
their geosynclinal development at the end of Jurassic-Neocomian (Nevadan) and Ceno- 


manian—Paleogene (Laramide) (Fig. 1). 
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Fig. 1. 1, Siberian Platform; 2, Late Archean-Early Proterozoic (older than 2 by) 


Stanovoy folded system; 3, Middle Paleozoic Brooks-Vrangel folded system; 4, 
median massifs and blocks of Early Precambrian rocks in Phanerozoic folded sys- 
tems; 5 and 6, marginal troughs of the median massifs (5, Paleozoic; 6, Mesozoic) ; 
7 and 8, Mesozoic eugeosynclinal systems (7, type A; 8, type B); 9, Mesozoic 
miogeosynclinal systems; 10 and 11, Mesozoic island arcs (10, Early Mesozoic; 11, 
Late Mesozoic); 12, belt of Early Mesozoic granodiorite batholiths; 13 to 15, 
margin-continental volcanic belts (13, Late Paleozoic; 14, Cretaceous; 15, Seno- 
nian-Paleogene); 16, Mesozoic island arcs and margin-continental volcanic belts 
non-separated; 17 to 22, Cenozoic geosynclinal systems (17, miogeosynclinal zones 
(back troughs), interarc troughs and troughs on the trench slopes; 18, eugeosyn- 
clinal zones; 19, Quaternary volcanic geanticlines (island arcs); 20, Neogene 
ones; 21, Paleogene ones; 22, abyssal trenches; 23, geological boundaries (a, 
trustworthy; b, supposed). Figures in circles designate: 1 to 5, median massifs (1, 
Bureya; 2, Khanka; 3, Okhotsk; 4, Omolon; 5, Okhotomorskiy); 6 to 12, Meso- 
zoic eugeosynclinal systems (6, Koryak; 7, South-Anyuy; 8, Mongolia-Okhotsk; 
9, Sikhote-Alin; 10, Eastern Sakhalin; 11, Alazeya-Oloy); 12 and 13, Mesozoic 
miogeosynclinal systems (12, Yana-Kolyma; 13, Chukotka); 14, Okhotsk-Chu: 
kotka volcanic belt; 15, Eastern Sikhote-Alin volcanic belt. 


The Mesozoic systems completed 
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Fig. 2. Correlation scheme of some elements of tectonic 

activity within the eugeosynclines of type A. 1, tholeiite 
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The Mesozoic geosynclinal systems are subdivided into eugeosynclinal systems of 
types A and B and miogeosynclinal ones. 

Eugeosynclinal systems of type A (the Koryak, Sikhote-Alin and others) joining each other 
form a Circum-oceanic belt. The Mongolia-Okhotsk and South-Anyuy systems that 
jut into the continent-like narrow strips are the branches of this belt. 

The systems are characterized by a long period of their development. They include 
not only Mesozoic but also Paleozoic and in the Mongolia-Okhotsk system Upper Pre- 
cambrian sequences (Fig. 2). Some parts of their sections, especially the lower ones, are 
undoubtedly, the deep-sea formations represented by siliceous and clay-siliceous rock asso- 
ciations with basic volcanites. ‘The more shallow-water accumulations composed, mainly, 
by greywacke and sometimes arkose occur usually in olistostromes. ‘They are charac- 
terized by the intensive and superimposed folding. Unconformities quite often have the 
similar age along the vast areas and the most distinctly the Late Hercynian ones are 
expressed by the omission from the section of Low and Middle Triassic. 

Eugeosynclinal systems of type B. The Alazeya-Oloy system belonging to this type 
(Tiv’man et al., 1975) is characterized by the combination of deep-sea clay-siliceous and 
shallow-water coastal-marine deposits including the coarse ones with plant detritus at the 
same stratigraphic levels. Together with basalts there are widely distributed the andesite- 
basalts, andesites and acid rocks including those with high alkalinity. Late Hercynian 
movements are well expressed here, like in the above-mentioned systems. 

Miogeosynclinal systems (the Yana-Kolyma and Chukotka) border the eugeosynclines 
towards the continent. They are characterized by a long period of their development 
which is obviously expressed in the Yana-Kolyma system where the uninterrupted section 
from Late Precambrian up to Jurassic is observed. There are no distinct discontinuities 
and unconformities that are typical of the eugeosynclines. 

Among the Cenozoic geosynclinal systems there are distiguished the folded structures 
formed in Paleogene—Neogene time and modern geosynclines. 

The median massifs representing the large (300-500 km in diameter) sialic blocks and 
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being formed in Early Precambrian are the independent tectonic units. The Late Pre- 
cambrian granulite complexes of the same type as those within the Siberian Platform 
basement with the age of about 3,500 my compose the Okhotsk and Omolon massifs. 
Together with the Siberian Platform they form the Early Precambrian Eastern Siberia 
megablock which is one of the most ancient cores of the Asian continent. The Yana- 
Kolyma miogeosynclinal system originated above this megablock in the zone of its breaking 
and thinning. Slightly alterated Late Precambrian and younger deposits of the Okhotsk 
and Omolon massifs have the platform peculiarities. The Bureya and Khanka massifs 
which are framed by the eugeosynclinal zones compose another ancient sialic megablock 
(Bureya-Khanka) formed later than the Eastern Siberia one (about 2,000 my). Its 
basement consists of the Early Precambrian complexes metamorphosed in amphibolitic 
and less abyssal granulitic facies. The Late Precambrian and sometimes Early Paleozoic 
complexes are characterized by the increased thickness; they are dislocated and usually 
metamorphosed from greenschist to epidote-amphibolitic facies. One of the peculiarities 
of the megablock is the vast distribution of granitoids occupying about 90% of its territory 
including batholith-like bodies of Late Precambrian Early, Middle and Late Paleozoic 
and Early Mesozoic age. Similar megablocks are assumed in the Chukotka miogeosyn- 
clinal basement and central part of the Sea of Okhotsk. Form the paleogeographic point 
of view the megablocks of this type can be considered as the microcontinents. 

The metamorphic complexes known in the Sikhote-Alin, Taygonos peninsula, 
Kamchatka and other regions (for some of them the Precambrian age is proved) represent, 
probably, the fragments of the ancient megablocks separated from them during the active 
continental margin evolution. 


2. Cenozoic Continental Boundaries 


Cenozoic continental boundaries are determined by the position of the island arcs 
systems. 

The modern inner island arcs with the active volcanism are the Greater Kuril ridge 
extended to the Kamchatka as the Eastern volcanic belt and also the Aleutian Islands. 
The active volcanos of the Kuril-Kamchatka arc lay on the arc with the radius of 1,884 km. 
The average quadratic variation of the volcanos of this arc is +22 km (Frpotov, 1974). 
The modern volcanic chains coincide with the seismofocal zones which lay on the depth 
of 120-150 km. Volcanism is absent in the places where the earthquake foci on these 
depthes are not defined, for example, Commander Islands (Fig. 3). The connection of 
modern volcanos with the seismofocal zone in the Eastern Kamchatka is also proved by the 
fact that the volcanos coincide with the narrow zone in the focal layer where the sharp 
decrease of the seismic activity occurs because of the depth change (Tokarev, 1974). 

The Greater Kuril ridge can be considered as the modern volcanic geanticline which 
divide the back (the South-Okhotsk basin) and front (the abyssal trench with the adjacent 
parts of the ocean floor) troughs. These troughs occupy accordingly the positions of 
mio- and eugeosynclinal zones. The outer slope of the arc is complicated by the interarc 
trough and outer arc uplift devoid of volcanism (the Lower Kuril ridge). 

Neogene island arcs originated at the end of Oligocene—beginning of Miocene time 
are more widespread (Fig. 1). The Neogene and modern arcs coincide within the 
Greater Kuril ridge and the Southern Kamchatka. Northwards the Neogene arc stretches 
along the Kamchatka Median ridge separated by the transform fault from its southern 


Geodynamics of the North-Eastern Asia 507 


Fig. 3. Modern active tectonic zones. 1, structure contours 
on the axial surface of the Benioff zone (for the Kuril- 
Kamchatka arc according to P.Z. Tarakanov, for the 

| : Aleutian arc according to V.P. Semakin); 2, areas of 

: ee crust earthquake epicentres outside the island arcs; 3 
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> 
transform and strike slip faults; 4, thrusts; 5, zones of 


modern volcanism; 6, oceanic type crust; 7, direction 
of the oceanic plate movements. 


part. The arcs are traced along the Commander Islands and further eastwards along 
the Aleutian Islands. The Western Sakhalin arc is supposed to trend along the Moneron, 
Rebun and Risiri Islands. It lays on the continuation of the Nasau arc of the Japanese 
Islands and is characterized by the intensive linear positive magnetic and gravity anomalies 
(Paviov and ParFENovy, 1974). 

The inner arcs are composed by the complicated sedimentary-igneous rock assem- 
blages of several kilometers thick. Geanticlinal character of the Neogene—Quaternary 
sequences of the Greater Kuril ridge is determined by the following features (GAvRILOV 
and SoLtov’yEvA, 1973): relatively small thickness, vast development of the coastal- 
marine, continental and shallow-water deposits which are altered in the section and lateral 
direction, a great number of local scours and unconformities. Accumulation conditions 
of these complexes are mainly determined by the volcanism active during the whole time 
of their development. Volcanic-terrigenous sedimentation prevails over the chemogenic 
one. ‘Terrigenous rocks originated almost exceptionally at the expense of the erosion of 
volcanos and the products of volcanic erruptions. Among them the rudaceous varieties 
and rocks with detrital fragments of different sizes are widely distributed forming layers 
and bands which are sharply changed along their strike. 

Volcanites constituting about 80% of all the rocks occur in the section and form mod- 
ern volcanos of different types: separately situated volcanos, linear-type and caldera 
volcanos. Basic and intermediate rocks are abundant, though the ratio of the rocks of 
different composition changes as along the arc strike so as along vertical section. Thus, 
among the Lower Miocene volcanites basic and intermediate rocks constitute 30-50% on 
the Kunashir Island and up to 80% on the Paramushir. In the younger assemblages 
basalts constitute 20-25%; andesite—basalts, 35-45%; andesites, 15-19%; dacites and 
liparites up to 25%; varieties with SiOz content >68% are rare. 

Basic and intermediate rocks are represented by lavas, lava breccias, agglomerates 
and tuff breccias. In the lower part of the section there are pillow lavas and hyaloclastites 
(PiskuNov, 1975). Acid rocks are the most widely distributed on the southern islands of 
the Greater Kuril ridge. They are predominantly made of pumice stones either of the 
caldera volcanos or small depressions and also lavas of extrusive bodies. 

From the petrochemical point of view the great majority of the rocks correspond to 
the calc-alkaline series with the increased calcium and aluminium content, low alkalinity, 
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especially the KO content and strong predominance of NagO over K2O (Fig. 4). In 
the Lower Miocene assemblages (green tuff complex) the alkali content is slightly increased 
but within the ranges permissible for the calc-alkaline series. Even in the acid varieties 
there is no significant alkali increase. ‘The increased KO content is observed only in 
Quaternary andesites of central and northern islands. Basalts are similar to high-alumina 
tholeites. The FeO*/MgO ratio with the SiOg increasing rises weakly, thus, the basic 
varieties are distributed in the field of tholeiite rocks according to Miyashiro’s classification 
(Mryasurro, 1974) but acid—in the field of calc-alkaline rocks. ‘This regularity takes 
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place because of the weak iron accumulation relative to the quick accumulation of silica 
(significant rate of differentiation). 

The back (miogeosynclinal) trough of the Neogene island arc is well expressed in the 
western Kamchatka. It is composed by the thick (up to 6,000 m) folded relatively deep- 
sea Clay-greywacke and siliceous sequences in the low parts of the section and coastal- 
marine greywacke and psephites with lignite and clay in the upper parts of the section. 
The South-Okhotsk basin occupies the similar position relative to the Kuril arc. The 
thickness of the deposits composing this basin is considered as 5 km according to the Deep 
Seismic Sounding data (Suvorov, 1975) and up to 4 km according to the Reflected Seismo- 
graph Method data. 

The trough between the Greater and Lower ridges of the Kuril Islands characterized 
by the increased sediments thickness (TuEsov ef al., 1975), the Central Kamchatka and 
other troughs are considered as interarc troughs. Judging from the outcrops of the 
Cenozoic deposits on the Karagin Island and western bank of the Litke Straits, the Central 
Kamchatka trough is made of relatively deep-water terrigenous and diatomite flysch 
sequences of the Miocene age containing the great amount of pyroclastic material (GLa- 
DENKOV and GREcHIN, 1969; Vuasov et al., 1977). According to G.M. Vlasov this is the 
tuffite flysch assemblage originated mainly due to active volcanic processes within the 
geanticline connected with the trough. On the geanticlinal slopes this assemblage is 
alternated by the shallow-water tuff flysch-like sequence which is changed landwards by 
the sedimentary-volcanic complexes of the geanticlines themselves. The existence of the 
Miocene tuff flysch-like sequence in the South of the Greater Kuril ridge (VLasov et al., 
1977) points to the fact that the tuffite flysch is of great significance in the trough between 
the Greater and Lower ridges. 

Paleogene deposits of the Eastern Kamchatka together with the Middle Miocene 
ones compose a thick (about 1,000 m) clay-greywacke flysch complex including bands of 
volcanic and siliceous rocks. Generation of this complex took place in the deep-water 
trough restricted from the ocean by the uplift in the area of Cretaceous rock outcrops of 
the Eastern peninsulas. This uplift is indicated by the decreased thickness of the Paleogene 
and Neogene in this area, occurence of unconformities in the base of the Paleogene and 
Neogene, increase of the clastic material size and appearance of Miocenic coastal deposits 
and even coal bands eastwards (ArsANov, 1973; SHapiro and SELIvEeRsTOV, 1975). The 
flysch trough complex is characterized by many features which liken it with the modern 
turbidites (MARKoyskly and SUPRUNENKO, 1972). Numerous subaqueous slump horizons 
attached to the northwestern slope of the trough indicate the steeply dipping floor and 
active tectonic processes. This trough should be considered as the analogue of the mod- 
ern abyssal trenches. Tectonic nature of the Eastern peninsulas is not finally clear. 
Due to the presence of coastal-marine sediments here they are assumed to belong to 
islands of the oceanic aseismic range. S.A. Ushakov and others (UsHakov et al., 1977) 
pointed out a principal possibility of cutting of volcanic piles on an oceanic floor and 
their attachment to the island arc. 

Along the trough there is a zone (about 25 km wide) of intensive folding represented 
by the overturned northwestwards dipping isoclinal folds complicated by the numerous 
thrusts including the gently dipping ones. This is the so called the Bogachevy structural 
zone (SHAPIRO and SELiversTov, 1975). Moving away from this zone the dislocations 
become essentially simple. 

The Western Sakhalin arc is characterized by the wide distribution of the pyroxene 
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Table 1. Chemical composition of Paleogene and Neogene 


Northern Japan Southern Sakhalin 
Components ha 3 r 5 6 
SiOz 49.26 52.11 54.47 47.80 53.04 58.19 
TiOg 0.94 0.97 0.69 0.77 0197 0.65 
AlzO3 18.75 17.50 17.56 16.70 16.46 13223 
Fe.O3 3.22 3.36 2.98 Gye 5.67 DLA 
FeO 7.16 6.96 491 DH 4.08 3.33 
MnO 0.17 0.19 0.14 0.09 0.13 0.07 
MgO 5.62 4.58 Sale Do 2.01 Bal? 
CaO 10.76 9.64 Tal 22 10.15 Seer, 
NazO MAN Deon DSM 2.01 2.13 193 
K20 0.52 0.70 1.09 0.67 1.18 1.56 
H20+ 0.69 0.59 0.72 132 0.45 0.82 
H20- 0.72 0.43 0.69 —_ — — 
P205 0.17 0.17 0.15 0.14 0.17 0.09 
S — = = 0.27 0.61 0.08 
aa — = 1.14 2.46 1.25 
Sum 100.16 99.92 100.50 9or22 CSRS! 99.96 
Number of analyses Unknown Unknown Unknown 8 6 3 


Notes: 1, 4, 7,9, 12, basalts; 2, 5, 8, 10, 13, andesite-basalts; 3, 6, 11, 14, andesites. 


andesites and andesite-basalts together with the highly aluminous tholeiites. Lavas are 
accompanied by the subvolcanic intrusions of the bipyroxene diorites and gabbrodiorites. 
There is observed the basic composition of plagioclase, vast distribution of rhombic 
pyroxenes, quartz occurence in the andesites, high aluminium and low alkali contents. 
In addition to these common features the composition of volcanites along the arc undergoes 
some changes. Northwards the amount of acid products and the alkalinity of basic 
volcanites increases (Table 1). Back trough of this arc is composed by the Neogene 
greywacke-clay thick series with opokas, diatomites and ash tuffs and also coarse-grained 
greywackes with andesite-basalt and trachyandesite lava and tuff horizons. The thickness 
of these deposits of the Western Sakhalin is about 7,000m. The Tatar Straits and Sea 
of Japan can be considered as the young eugeosynclinal zone. 

The Paleogene island arc is defined by the outcrops of volcanic rocks in the North- 
West of Kamchatka along the Penzhina inlet coast. The island arc, probably, continues 
southwards along the Western Kamchatka shelf to the South of the Midian ridge where 
the small fields of the Paleogene volcanites are known and then, according to the magneto- 
metric data, to the area of the submarine upland of the U.S.S.R. Academy of Sciences 
in the Sea of Okhotsk (SHimaRAEv, 1976). According to dragging data there is assumed 
that the Shirshov Range and laying on its continuation the Bowers Range also represent 
Paleogene island arc. 


3. Mesozoic Continental Boundaries in the Northern Preokhot’ie 


In the Northern Preokhot’ie there is distinguished the Uda-Murgal arc which stretches 
for 2,500 km separating the Mesozoic Circum-oceanic eugeosynclinal belt from the Yana- 
Kolyma miogeosyncline situated northwards from it (Fig. 1). The sedimentary-volcanic 
assemblages of the arc crop out on the left bank of the Uda river (the northeastern margin 
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volcanic rocks of Nasau-Western Sakhalin volcanic geanticline. 


Alexandrovsk region of 


z Sclimidt penimsula oe 
Northern Sakhalin Northern Preamur‘ie ayers Sakhalin; 
i 8 9 10 i 19 13 14 
50.27 55.13 49.6 55.1 57.0 50.18 53.13 58.10 
1.23 1.03 13 la 1.0 0.97 0.99 0.94 
18.50 17.52 18.9 75 18.6 18.32 18.76 14.91 
4.67 5.10 =a ats we 6.41 5.23 4.03 
5.68 6.76 be = es 2.19 1.33 1.89 
0.31 0.09 5.8 3.6 41 0.19 0.12 0.08 
5.33 2.09 8.6 6.3 7.6 3.27 3.14 3.13 
9.22 8.65 3.30 3.39 1.82 7.65 6.77 5.82 
2.95 0.77 1.24 2.17 1.32 3.87 3.90 4.02 
0.48 0.42 = é ee 2.56 2.01 1.92 
1.80 xe oe. a S 1.31 0.82 0.63 
0.41 1.42 BS 2 = 0.64 0.57 0.36 
0.03 0.22 Es = = 0.04 0.04 0.04 
1.17 1.40 - = = 1.40 3.28 155 
99.33 100.57 i a =D 99.73 99.87 100.13 
3 1 14 6 1 3 6 7 


of the Mongolia-Okhotsk geosynclinal system) (Vornova, 1975), the Koni, P’yagina 
(Berry and Kot tyar, 1975) and Taygonos (NEKRasov ef al., 1971) Peninsulas, in the 
basins of the Penzhina and Anadyr Rivers (BELry and Miov, 1973). The age of these 
assemblages is determined as the Late Triassic—Late Jurassic in the Uda area (GoNcHAROV, 
1976). On the northeastern slope of the arc its formation continued up to Neocomian. 
Northwards from the Koni and P’yagina peninsulas the lower part of the arc section 
consists of Late Permian fossils. 

Sedimentary-volcanic assemblages of different regions of the arc are characterized 
by the common features similar to those of the Neogene-Quaternary Kuril-Kamchatka 
arc. Volcanites are associated with the coastal-marine and less continental terrigenous 
rocks, associating with more granulometric coarse varieties. Among the volcanites the 
basic and intermediate rocks are abundant, acid varieties constitute about 20%. The 
basic and intermediate rocks are represented by lavas and tuffs including also agglomerates, 
tuff breccias; acid volcanites are predominantly ash tuffs and also subvolcanic liparite- 
dacites and dacites. 

The volcanites belong to the calc-alkalic series. ‘The basalts are similar to the highly 
aluminous tholeiites. All these rocks are characterized by the low alkalinity, constant and 
often very strong predominance of NagO over KO, increased content of CaO, weak rise 
of the FeO*/MgO ratio in the process of differentiation, CAO>MgoO (Fig. 4). 

From the continent the Uda-Murgal arc is conjugated with the back trough which 
is the most well expressed on its central part from the Gizhigin inlet up to the Ini river 
basin. Here there is distinguished a thick (about 10,000 m) section of the Upper Permian, 
Triassic and Jurassic represented, mainly, by the greywacke schist thick series with some 
andesite lava horizons and wide distribution of the pyroclastics. ‘The main removal of 
clastic material to the trough took place from the South-West and South, namely, from 
a land situated within the Okhotsk massif and along the northern coast of the Sea of 


512 L.M. Parrenoy ¢ al. 


Fig. 5. Early Mesozoic tuff flysch. 


Okhotsk (Epsrein, 1977). In the clastic material composition the intermediate and rare 
acid volcanites and pyroclastics are predominant, metamorphic and intrusive rock destruc- 
tions are also found. In the Lower Jurassic deposits represented mainly by the dark-grey 
and black aleurolites and argillites with rare organic remains, the submarine rock-slide 
phenomena are widely distributed (PoLuBoTKOo et al., 1977). The tuff flysch is a repre- 
sentative assemblage of the trough. It contains the layers rich in the pyroclastic material, 
dark-grey and black aleurolites (Fig. 5). ‘The thickness of these layers ranges from some 
millimetres up to 15-20 cm. ‘The peculiar features of these layers are the flat base without 
any erosion traces and diffused cover, differentiation of the pyroclastic fragments by 
their sizes in the section of these layers. A tuff flysch generation can be explained by the 
recurrent supplement of the pyroclastic material to the sedimentary basin from the subarial 
volcanic eruptions in island arcs and its following accumulation in the aqueous medium. 

From the oceanic side the Uda-Murgal arc was accompanied by some basins and up- 
lifts which nowadays are designated by the study of the section of the northwestern Koryak 
highlands, Kamchatka and Taygonos peninsulas (Micovicu, 1972; NrKrasov, 1976; 
ZABOROVSKAYA and NEKraAsov, 1977). Here there is supposed a non-volcanic arc which 
is characterized by the shortened section of Upper Paleozoic, Triassic and Jurassic car- 
bonaceous, volcanic and rudaceous rocks with numerous breaks. The trough defined 
between this uplift and the Uda-Murgal arc can be compared with the interarc troughs 
of the modern island arcs. The Permian, Triassic and Jurassic sequences composing the 
trough crop out in the separated tectonic blocks along its southeastern side. In the most 
warped part of the trough there is assumed a complete and uninterrupted section with 
widely distributed terrigenous and sedimentary-volcanic rocks. 
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The Uda-Murgal arc is supposed to be similar to the Kuril-Kamchatka one and has 
been accompanied by the Benioff zone. A position of this paleoseismic zone is determined 
by the belt of the Alpine-type ultrabasites and glaucophane schists which trends from the 
Pekulney Range through the Ust-Bel’skiy Mountains, Aldan Range and Penzhina Range 
(ALEXANDROV eét al., 1975) to the southeastern edge of the Taygonos peninsula (NEKRASOV, 
1976), accompanied everywhere by the intensive dislocations, gently-dipping thrusts and 
serpentinitic melange. According to aeromagnetic data this belt is traced approximately 
for 100 km to the southwest from the Koni and P’yagina peninsulas. 

The Benioff paleozone position was determined by the K2O content in the volcanic 
rocks on the basis of Dickinson and Hatherton’s diagrams (Dickinson and HATHERTON, 
1967) for the two parts of the arc: the Uda river basin and Koni and P’yagina peninsulas 
(Fig. 6). 

The continental boundary that is marked by the Uda-Murgal arc retained its position, 
probably, from the Early Paleozoic time. The Paleozoic sections on its both sides are 
very different. In the west of the Koryak highland the Late Paleozoic belt of glaucophane 
schists and ultrabasites stretches parallel to the Early Mesozoic one (Dosretsov, 1974). 
Paleozoic glaucophane schists are found recently in the Mongolia-Okhotsk system. 

In the Late Mesozoic time there is designated the Andean type active continental 
margin the position of which is determined by the Okhotsk-Chukotka margin-continental 
volcanic belt. The belt composed, mainly, by the continental volcanites and granitoids 
of the similar age on all its great length (about 3,000 km) is parallel to the inner side of 
the Circum-oceanic eugeosynclinal belt and the Uda-Murgal geanticline. The belt 
partially overlaps the Uda-Murgal geanticline (Fig. 1) by its outer (southeastern) edge 
and by its inner edge superposes discordantly the heterogeneous tectonic elements: the 
miogeosynclinal systems, massifs, Alazeya-Oloy system and South-Anyuy eugeosynclinal 
system of type A closed at the beginning of the Early Cretaceous time. ‘The strong orogenic 
processes occurring within the whole Verchoyano-Chukotka area preceded the belt 
origination. In the base of the belt there are rudaceous coastal-marine and continental 
molassa of Late Jurassic-Neocomian age. 

On the major northeastern part of the belt the age of its lower layers is determined 
not older than Albian (Betty, 1977). According to radiometric data and plant remnants 


514 L.M. Parrenov et al. 


the lower parts of the belt section on its southwestern flank have Neocomian age (GRINBERG, 
1976). 

In the longitudinal direction the belt is subdivided into some sections distinguished 
by the average compositién of magmatic rocks and chemical composition of rocks of 
similar basicity (BELIY, 1969; Suro et al., 1974; Map or Macmatic FORMATIONS OF THE 
U.S.S.R., 1971). These sections are the Central Chukotka and Okhotsk characterized 
by the wide distribution of acid and intermediate rocks (liparites, dacites) and the Anadyr 
formed, mainly, by andesite-basalts, basalts and andesites. 

At the same time the obvious differentiation across the belt is observed on its large 
extent (BEeLiy, 1969; Firarova and Dvoryanxin, 1974). The majority of the acid 
volcanites is confined to the inner (near-continental) belt margin. The plagiogranites 
and tonalites typical of the outer parts of the belt are replace by the sodium-potassium 
granodiorites and granites of the same age in the inner zone (Mitov, 1971; BrLiy and 
Mitov, 1974). 

In spite of the distinct longitudinal and transverse differentiation of the belt, its devel- 
opment as a rule, begins with the andesite-basalts, basalts and andesites eruption and 
only after that the andesite-basalt-liparite and liparite suits originate (Ustiev, 1959, 1965). 
It is assumed that in the belt development the basic magma of mantle origin was linitial, 
and the appearance of great volumes of acid rocks as volcanic so as intrusive is connected 
with the sialic crust melting under the heat influence containing in the basaltic magma. 

The volcanites of the belt overlie discordantly on the Uda-Murgal arc assemblages 
essentially differing in composition from the latter as well as from volcanites of any island 
arc (Fig. 4). 

The Okhotsk-Chukotka belt is composed predominantly of the volcanic rocks, ter- 
rigenous deposits constitute not more than 20° and form the local parts within its section. 
Among the belt volcanites the acid ones in contrast with the island arcs occur very often 
and in some areas they are even predominant (45-70% of the section) including liparites 
with SiOg>70%. Basalts constitute 5-6%; andesite-basalts and andesites, 25-55%. 
The basic and intermediate volcanites are represented by lavas less by tuffs with fine to 
coarse fragments and sometimes bombs or tuffs with heterogeneous fragments. Among 
the acid volcanites the ignimbrite type rocks prevail (from the non-coagulated tuffs up to 
rheoignimbrites). Fine-grained ash tuffs are rare. 

The volcanic rocks of the belt especially, ignimbrites compose large volcano-tectonic 
depressions which exceed in their sizes the negative structural forms of the island arcs. 
The basic and intermediate lavas form the lava plateau inside of which there is distinguished 
a great number of necks (paleovents) that proves an areal character of the volcanism. 

Among the acid rocks in contrast with those of the island arcs there are always biotite 
and feldspathic impregnations. In ignimbrites the plagioclase is of increased basicity 
(up to N4O) in lavas it is poor in calcium (albite-oligoclase). Whereas in the island arc 
volcanites the plagioclase is sufficiently basic (from albite to andesine and sometimes even 
bytownite), on the Greater Kuril Islands there are even labradorites occurring in dacites. 
All the belt rocks are characterized by the great melanocratic degree. 

Together with the calc-alkalic rocks the subalkalic and alkalic volcanites are wide- 
spread (Fig. 4). The alkaline content constitutes in general 9.5-10% and potassium is 
abundant in their composition. This is distinctly observed in the acid varieties especially 
in the ignimbrites in which KgO/NagO ratio is more than 2._ In some areas the alkaline 
amount increases owing to the high NagO content. The high alkalinity is exposed in 
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Table 2. The average composition of magmatic rocks of the Okhotsk- 
Chukotka belt and Kuril Islands. 


Components na ee ane ee belt The Kuril Islands 
stiEv, 1965) (after MARKHININ, 1967) 
SiOz 65.52 59.26 
TiOz 0.69 0.75 
AlzO3 15.74 1743 
Fe2O3 ZAS S78u/) 
FeO Sal) 4.18 
MnO 0.06 0.13 
MgO Be oe) 
CaO 4.04 Us 
NazO os 2.85 
K20 2.88 22 
Sum total 100.00 100.00 
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Fig. 7. Benioff paleozone position of the Okhotsk-Chukotka 
volcanic belt. The legend is the same as in Fig. 6. 


the rock mineralogy by the exsistence of Ti-impregnations that is of augite, potassic 
feldspar, analcime. FeO*/MgO ratio contrary to that of island arc volcanites tends to 
sharply increase in the acid components of the sequence, that is expressed by the appear- 
ance of the increased ferruginization in the dark minerals and exsistence of the magnetite 
impregnations. Such tendency is probably explained by the slow increase of SiO2 content 
during the differentiation. These correlations between Fe?+, Mg and Si are not typical 
of the island arc volcanites. 

The differences in the average chemical composition of the volcanites of the belt and 
Kuril Islands are clearly expressed (Table 2). 

The Okhotsk-Chukotka belt so as the island arcs is connected with the Benioff zone 
but with different geometric and, probably, kinematic parameters. 

On the whole the Benioff paleozone determined by the K2O content in the volcanites 
of the lower belt strata, mainly, made of andesite-basalts and andesites is more gentle than 
that of the Uda-Murgal arc (Fig. 7). It is characterized by the complex pattern, that is 
the vast (120-170 km) gentle area corresponding to the major part of the belt and sharp 
subsidence within the small distance in the southwestern part of the belt. The surface 
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Fig. 8. Depth values up to the supposed Benioff 
zone for the upper section of the Okhotsk- 
Chukotka volcanic belt. 1, histogram of the 
Ul’ya part of the belt; 2, histogram of the 
Northern Okhotsk part of the belt. 


projection of the magmatic active part of the Benioff paleozone is significantly wider 
(120-200 km) than that of the Uda-Murgal (about 50 km) and Kuril-Kamchatka (about 
45 km) arcs. 

The analogous calculations for the upper part of the belt section composed by the con- 
trast andesite-basalt-liparite associations show the significant confusion of the depth values 
(Fig. 8). It is supposed that the received confusion of the depth values and their irregular 
distribution across the belt strike can be caused by the increase of the KO content in the 
andesite-basalts and andesites due to the crust material contamination. This conclusion 
is proved by the fact that the histogram of the depth value distribution for the Ul’ya part 
of the belt is shifted to the area of the greater depths in regard to that of the Northern 
Okhotsk part of the belt. The Ul’ya part of the belt is situated on the Early Precambrian 
sialic basement of the Okhotsk massif. ‘The basement of the Northern Okhotsk part of 
the belt is composed by the dislocated Early Mesozoic assemblages of the Uda-Murgal 
arc and its back trough; Early Precambrian crystalline complexes are not found there. 

From the oceanic side the Okhotsk-Chukotka belt is conjugated with the linear troughs 
composed by the thick slightly dislocated shale-greywacke series which are synchronous 
to the belt volcanites. They are the Penzhina Trough, stretching for 500 km, and trough 
in the northern part of the Sea of Okhotsk which is supposed to exsist according to some 
interpretations of modern seismic data. ‘They can be considered as the interarc troughs 
or sedimentary terraces. The Penzhina Trough is situated on the place of the Early Meso- 
zoic interarc trough having no significant displacements. The Benioff zone outcrop 
should be supposed eastwards from the trough. Probably, it coincides with the Mid-Ko- 
ryak glaucophane-schist and ultrabasite belts of the Early Mesozoic age. 

In the Okhotsk-Chukotka belt territory there are widely distributed young basalt 
sheets. Some investigators consider these basalts as the constituents of the volcanic belt, 
but these basalts differ sufficiently from the rocks of the belt taking into consideration the 
occurrence conditions, petrochemical and some other features. 

The plateau-basalts are distributed locally but traced on the whole belt strike. They 
are mostly widespread in the Middle-Anadyr, Ul’ya and Chukotka areas where their thick- 
ness reaches 500—1,000 m (Betry, 1969, 1977; BAKHAREV, 1976). They have been con- 
sidered as Paleogene because the flora remnants of the underlaying series have been dated 
as Late Senonian—Danian. ‘The recent discoveries of flora and fauna remnants in these 
suits of the Okhotsk and Central Chukotka parts of the belt enable to date these suits as 
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belonging to the first half of the Late Cretaceous and thus, to refer the plateau-basalts to 
the end of Cenomanian (Betty, 1977). 

In the composition of these volcanites basalt lavas are predominant, tuffs and tuff 
breccias are subordinate in contrast with the older basalt associations. ‘The more acid 
rock varieties represented by horizons of ignimbrites, dacites, liparites, trachyliparites, 
trachytes and subvolcanic bodies of the corresponding composition are constantly found 
in small quantities. The acid volcanites are distinguished in the different parts of the 
section but their amount increases upwards in the stratigraphic column. 

Fracture-type eruptions were predominant because of the vast basalt distribution, 
occurrence of flat basalt sheets, rare neck exsistence and connection with extending frac- 
tures. There are observed the contiguous subparallel dike swarms of some meters up to 
tens of meters wide which can be considered as incurrent channels. 

The cenotypal appearance is typical of these rocks on the contrary to the Cretaceous 
volcanites. Among the lavas there are usually preserved vesicular, slaggy varieties with 
pores not filled by the secondary minerals whereas the Cretaceous lavas posess amygdaloidal 
texture. The slaggy varieties often have red-violet colour usual for the sub-aerial lavas. 
The characteristic feature of the basalts is the exsistence of olivine in them. The olivine- 
pyroxene basalts are abundant. Pyroxene-olivine, non-olivine bipyroxene basalts and 
andesite-basalts are less distributed. Analcime, pseudoleucite, oligoclase basalts, crina- 
nites are constantly observed. Olivines and orthopyroxenes of the basalts are highly 
magnesian (up to 75°% of Mg), monoclinic pyroxene is usually represented by the augite, 
in the Middle-Anadyr region titan-augite is often found, in the Central Chukotka— 
pigeonite. 

The increased alkalinity is the characteristic feature of the chemical composition of 
basalts (Fig. 9). The rocks of the Ul’ya and Central Chukotka areas posess the highest 
alkalinity. In these areas the gradual alkali accumulation occurs during the melt differ- 
entiation and the most acid varieties have the alkalic features. In the Middle Anadyr 
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Fig. 9. Chemical composition of the plateau-basalts 
in the Okhotsk-Chukotka belt. 1, Ulya trough; 
2, Middle Anadyr area; 3, Central Chukotka 
area; 4, Eastern Chukotka area. Letters designate 
the fields of volcanic series: TH, tholeute; CH, 
calc-alkali; A, alkaline. Division boundaries of 
the fields of volcanic series are given according to 
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area the alkali accumulation is not observed. There appear the calc-alkaline andesite- 
basalts. The most potassic part in the alkalic varieties of the basalts is distinguished for 
the Ul’ya and Central Chukotka areas. Basalts of the Middle Anadyr and Eastern 
Chukotka areas are sufficiently sodic. 

The volcanic assemblages under consideration are refered to the alkaline-olivine 
basalt association. In contrast with the more ancient volcanic associations of the belt 
they are characterized by: (1) sufficiently basic composition and slight differentiation ; 
(2) predominance of the alkalic olivine basalts; (3) the higher alkalinity of the rocks; (4) 
cenotypal appearance; (5) fracture type of eruptions. 

The plateau-basalt origination can be connected with the Benioff paleozone extinc- 
tion and recession eastwards to the ocean. When the compressive stress in the lithosphere 
disappeared the large linear uplifts began to form on site of the belt and the large extension 
zone originated causing the eruption of high alkalic homogeneous basalts. 


4. Mesozoic Continental Boundaries in the Sikhote-Alin Region 


In the East of the Sikhote-Alin a Late Mesozoic island arc is distinguished (Fig. 1). 
Under the continental volcanites of the Eastern Sikhote-Alin belt there are outcrops of the 
dislocated coastal-marine and continental volcanic-sedimentary assemblages of Albian- 
Turonian age. They are represented by greywackes with clastic materials of volcanic 
origin, aleurolites, conglomerates, tuffites, tuffs and andesite lavas up to 2,500 m thick. 
The Upper Cretaceous sequence of the northwestern edge of the Sakhalin on the Cape 
Maria seems to belong to the same type. ‘They are made of trachyandesites, andesite- 
basalts, basalts, trachybasalts, dacites and their tuffs of 2,000 m thick. Southwards in 
the village Boshnyakovo area the upper part of the Upper Cretaceous complex is composed 
by the thick series of volcanic conglomerates, breccias, greywackes and gritstones. Petro- 
graphic composition of the fragments and facies appearance of the deposits indicates the 
erosion of predominantly intermediate volcanic thick series. The Late Cretaceous 
complex of the northern part of the Western Sakhalin mountains is represented largely by 
the continental coal-bearing deposits with the abundant volcanic clastic material. Facies 
composition of these assemblages indicates the occurence of a removal source situated 
westwards. 

The back trough of the assumed arc is distincly determined on the whole Sikhote- 
Alin strike westwards from the Eastern Sikhote-Alin volcanic belt. It is composed by the 
thick (up to 10,000-11,000 m) greywacke-shale complex of Hauterivian-Coniacian age 
which overlays the more ancient assemblages sometimes accordantly and sometimes with 
angular and stratigraphic unconformity. In the complex composition there are distin- 
guished the horizons of basic and intermediate lavas and tuffs, rudeceous rocks the amount 
of which increases eastwards and in the upper parts of the section. The linear foldings 
with the southeastwards dip of axial planes are typical. 

Eastwards from the arc within the Sakhalin Island there are known the synchronous 
associations. In the Western Sakhalin the Cretaceous deposits (from Albian to Maastrich- 
tian) are represented by the marine amagmatic greywacke-shale series of 5,000-6,000 m 
thick which compose the monocline dipping westwards and complicated by the linear 
folds. ‘The thickness of this complex sharply decreases (up to 1,000-2,000 m) in the 
Central Sakhalin. The unvolcanic uplift which is assumed to have exsisted eastwards is 
particularly proved by the increase of the coarse-grained Upper Cretaceous deposits in 
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this direction. {n the Eastern Sakhalin Mountains the Upper Cretaceous complex is 
typically eugeosynclinal in which jaspers, spilites and Alpine type ultrabasites are present. 
The Western Sakhalin trough can be considered as the interarc trough (between the inner 
volcanic and outer non-volcanic arcs). 

The Benioff paleozone of this island arc is assumed to coincide with the Susunay 
glaucophane-schist belt (Dosretsov, 1974) which is situated on the Kamuikotan belt 
continuation of the Hokkaido. 

The Eastern Bureya margin-continental volcanic belt comprising the discontinuous 
fields of granitoids and continental volcanites elongated for 600 km along the eastern 
margin of the Bureya massif originated in general simultaneously with the above-men- 
tioned island arc (Fig. 1). The calc-alkalic andesites, andesite-dacites and liparites which 
are conjugated with diorite, granodiorite and granite bodies are abundant in the belt 
composition. Subalkalic potassic liparites in a form of ignimbrites, tuffs and less lavas 
compose the larger upper part of the section in the central area of the belt (the Badzhal 
Range). 

The distinct alkalinity increase occurs westwards from the Eastern Bureya belt within 
the Bureya massif. The volcanic zone situated in the massif developed synchronously 
with the volcanic belt. They are formed by trachyliparites, trachyandesites, trachyda- 
cites, trachyandesite-basalts and subalkalic liparites associated with the alkalic granitoids. 
The typical combination is that of the contrast by their acidity associations, for example, 
trachyandesite with trachyliparites. The predominence of the basic and intermediate 
rocks in the lower parts of the section is also representative. 

The above-mentioned data compared with the Okhotsk-Chukotka volcanic belt 
allow to suppose the connection of the Eastern Bureya belt with the Benioff paleozone. 
Dislocated shale-greywacke, predominantly, sandstone Apt-Albian series of the western 
slope of the Sikhote-Alin ridge probably correspond to the interarc trough. But never- 
theless, synchronous ophiolite complexes which could mark the Benioff paleozone outcrop 
are unknown in the Sikhote-Alin. In the axial zone of the Sikhote-Alin the most recent 
are the ultrabasite blades in the thrust zones cutting the Valanginian sandy-shale suits. 

The Eastern Sikhote-Alin volcanic belt stretches for 1,500 km. It is about 300 km 
wide including its eastern part covered by the Tatar Straits and the Sea of Japan, but 
obviously mapped according to aeromagnetic and dragging data (Fig. 1). The belt 
origination took place in Senonian-Paleogenic time. 

In the longitudinal direction the belt is subdivided into three sections with the different 
volcanites composition and associated granitoids (SukHov, 1974). In the northern part 
of the belt the andesite-dacite and granodiorites are prevalent, in the middle part—the 
andesite-dacite, granodiorites and granites, and in the southern part—andesite-dacites, 
liparites and granites. Within the central areas of the Sikhote-Alin parallel to the belt 
there is a chain of volcanic zones which developed in general simultaneously with the belt 
development. In the northern part of the Sikhote-Alin they are composed by the sub- 
alkalic andesites, basalts, andesite-basalts, andesite-dacites, dacites which are followed by 
the subalkalic potassic liparites and liparite-dacites. In the more southern areas of the 
Sikhote-Alin the trachyandesites and trachyliparites are abundant. They are accom- 
panied by the intrusive formations represented by the monodiorites, granosyenites and 
alkalic granites. 

It is likely that the tectonic nature of the Eastern Sikhote-Alin belt is similar to that of 
the Okhotsk-Chukotka belt. The belt formation took place after the active orogenic 
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movements in the Sikhote-Alin geosyncline which caused the closing of the exsisting there 
troughs and were accompanied by folding. The belt superimposes over the former island 
arc and is accompanied by the trough with thick terrigenous series from the ocean side. 
The upper parts of the Upper Cretaceous and Paleogene of the Western Sakhalin repre- 
sented by the thick (up to 5,000 m) marine, partially, (in Eocene) continental greywacke, 
aleurolite and argillite series can be considered as deposits of that trough. The depth 
to the Benioff paleozone of the belt has been determined according to the K2O content in 
volcanites as 160 km in the eastern, 180 km in the central and 220-230 km in the western 
parts of the belt (SoNENSHEIN ef al., 1976). The approximate angle of zone inclination is 
21-23°. The young plateau-basalts are distributed in the Eastern Sikhote-Alin belt 
territory as well as within the Okhotsk-Chukotka belt. They are known as the Kizi suit 
of Miocene age. In the Sovgavan area the suit is represented by the alternating sheets of 
basalts, andesite-basalts and andesites and in the upper parts, mainly, by dacites with a 
total thickness of about 600-700 m. The volcanites are made predominantly of lavas, 
in the lower part of the section there are agglomerates, tuffs and breccias, olivine, bipyrox- 
ene plagioclase basalts and andesite-basalts are mostly widespread. ‘They provide a 
plagioandesite-basalt assemblage. In the Lower Preamur’ie the Miocene basalts, ande- 
site-basalts of the Kizi suit compose sheets of the shield volcanos. Pyroclastic formations 
are almost absent. According to petrochemical and petrographic features the basaltoids 
of this area constitute an alkaline-basalt assemblage. 


5. Tectonic Evolution 


Kinematics of the plate movements in the North-Eastern Asia during Mesozoic and 
Cenozoic time had been determined by the mid-ocean ridge position in the Pacific Ocean 
and the spreading rate in them and also by the Eurasia drift as a result of the Atlantic and 
Indian Ocean opening. But it is hardly acceptable to make a simple vector addition on 
the Pacific margin of the Eurasia (UyeDA and Mryasuiro, 1974), because in its inner 
regions there are known some intensive Mesozoic and Cenozoic dislocations indicating 
that the Eurasia plate was not a single rigid body at that time. That is why while re- 
constructing only the semi-quantative estimations of the rates and drift vectors are possible. 
And as for Mesozoic active boundaries it is impossible to do even such reconstructions 
because these boundaries are separated from the Pacific plates by the other active margins. 

In our reconstructions it is supposed (Fig. 10) that the direction of the plate displace- 
ments is perpendicular to the large thrusts and parallel to the shifts and in the whole it 
should be combined in the general pattern. 

During the Mesozoic and Cenozoic time the consequent oceanward displacement 
of the island arc occurred. ‘The Uda-Murgal Island are marks the southeastern boundary 
of the Eastern Siberia megablock from the Late Paleozoic up to Neocomian time. The 
northern boundary of the Eastern Siberia megablock can be defined by the belt of the 
Upper Jurassic volcanites, stretching along the South Anyuy eugeosynclinal system and 
by the volcanic belts of the same age framing the Alazeya-Oloy eugeosynclinal system of 
type B. ‘The modern data concerning these regions in many eases do not allow us to deter- 
mine the polarity of some Early Mesozoic island arcs, to reconstruct the ancient micro- 
plates there and to recreate their relative displacements. The northern boundary of the 
megablock is quite different from the linear southeastern one because of the complicated 
spatial position of the volcanic belts which join each other with great angles. We assume 
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Fig. 10. Paleotectonic schemes. 1, continents and microcontinents; 2, ocean; 3, young 
folded zones; 4, Benioff zones; 5, volcanic geanticlines (inner island arcs); 6, 
margin-continental volcanic belts; 7, plateau-basalts; 8 and 9, back troughs (mio- 
geosynclinal zones) (8, their inner zones; 9, outer zones); 10, shale-greywacke 
troughs; 11, transform faults; 12, uplifts; 13, rifts; 14, direction of the plate 
movement. 


that in Mesozoic time there was the marginal sea system similar to the modern Sond 
archipelago. On the place of the South-Anyuy eugeosynclinal system it is supposed a vast 
oceanic basin in Early Mesozoic time. According to paleomagnetic reconstructions for 
Jurassic time there is the significant overlapping of the Eurasia and Northern America 
continents in the apical part of the Boreal sinus (IRwinc, 1977) that allows us to assume 
the sufficient removal of the Chukotka microcontinent from the region disposing south- 
wards from the South-Anyuy system. ‘The attachment of the Chukotka microcontinent 
to the Eastern Siberia megablock and disappearance of the active continental margin took 
place at the end of Neocomian. In this time the compound folded structure of the 
South-Anyuy zone was formed. The rigid structural connections originated between 
Eurasia and Northern America due to the comparatively narrow Chukotka microcontinent 
stretched in the sublatitudinal direction. 

The southwestern continuation of the Uda-Murgal arc is considered to be the Late 
Jurassic granodiorite belt of the Stanovoy Region. The belt stretches parallel to the 
Mongolia-Okhotsk eugeosynclinal system of type A (Fig. 1). The granodiorites should 
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be considered as the deep analogues of the andesites locally retained in the roof of the 
plutons (Gopzrvicu, 1976). The granodiorite belt defines the southern active margin 
of the Eastern Siberia megablock. 

Paleomagnetic data for the Permian period allow us to suppose the significant width 
of the oceanic basin occurred on the place of the eastern part of the Mongolia-Okhotsk 
eugeosynclinal zone. The Siberian Platform in this time was characterized by the high 
paleolatitudes (>45°) (Irwinc, 1977). The Japanese Islands rigidly connected with 
the Bureya-Khanka microcontinent were situated near latitude 30° North (SONENSHEIN, 
1976) and according to other values near latitude 20° North (THE GrotocicaL DEVELOP- 
MENT OF THE JAPANESE IsLANps, 1968). Paleomagnetic data for China indicate its position 
in latitude 10°-20° North (IrRwinc, 1977). The rough estimate of the oceanic basin 
width by longitude constitutes 1,500-2,000 km. In Mesozoic time the basin width was 
steadily decreasing and the basin was intensively filled with thick flysch series. 

After the closing of the Mongolia-Okhotsk system and wedging it by the Bureya- 
Khanka microcontinent in Apt-Albian an island arc accompanied by the large left strike- 
slip faults in its back parts was originated along the Sikhote-Alin continental margin 
(Fig. 10). 

At the end of Cretaceous—beginning of Paleogene the geosynclines closing of the 
Northern Preokhot’ie and Benioff zone wedging by the Okhotomorskiy massif caused the 
generation of a new seismofocal zone in the region of the Western Kamchatka and, prob- 
ably, along the southern edge of the Okhotomorskiy massif (Fig. 10). 

The Neogene structural elements mostly coincide with the modern ones but sometimes 
they are separated (Fig. 10). From the point of view of regularities observed in the 
modern geosynclines it is difficult to explain the nature of some parts of the Western 
Sakhalin and Kuril-Kamchatka volcanic arcs stretching into the continent far from the 
points of their conjugation. They could be originated above the faults which are develop- 
ing in the re-entrant angles of the island arcs. ‘The Northern part of the Western Sakhalin 
arc can be interpreted in another way. ‘The basin of the Sea of Japan is supposed to be 
the extension zone. The band of the rift-like Cenozoic basin and alkalic basalt trends 
along the Ussuri and Amur rivers parallel to this zone. The extension in these zones 
could be indemnified by the exsistence of additional Benioff zone westwards from the 
volcanic uplift traced trough the Western Hokkaido, Risiri, Rebun and Moneron Islands. 
According to such interpretation the origin of the Sea of Japan which is considered as the 
Cenozoic eugeosyncline and cojugated with it the Western Sakhalin arc which is excepted 
from the general regularity of island arcs displacement towards the Pacific, should be 
connected with the destruction of the continental crust formed earlier. 

The oceanwards retreat of the island arcs took place not gradually but it was the 
sharp displacement from 150 up to 500km. It was due to the change of the strain fields 
and wedging of the Benioff zones by the microcontinents. Thus, the new arcs usually 
originated making great angles with the more ancient structures cutting them and separat- 
ing the parts of the ocean floor. 

The margin-continental volcanic belt (the Okhotsk-Chukotka, Eastern Sakhalin and 
others) display the great similarity with the active continental boundaries of Andean type 
(PARFENOV, 1976; SONENSHEIN ef al., 1976). Some features prove their regular origi- 
nation on the site of the former margin of the island arc type volcanic belt. Volcanic 
belts overlap the island arc complexes slightly shifted towards the continent. The interarc 
troughs connected with the belts inherit the analogous troughs of the former island arcs. 
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The volcanic belts are disposed on the consolidated basement after the orogenic movements 
which imbrace the large territory; first of all they are situated in the back of them, namely, 
the miogeosynclinal zones. This peculiarity, which is not attributed to the island arcs 
speaks for the significant tectonic activity of the continental plate exceeding that of the 
submerging oceanic plate. This process could cause the changes of the Benioff zone 
geometry: decrease of the inclination angle, enlargement of the width along its dip and 
depth of its magma active part. 

The volcanic belts are characterized by their short history (10-30 my). The hetero- 
geneity of the vertical section is typical for them. There are andesite-basalts and andesites 
at the base and large volumes of acid volcanites in the upper parts of the sections. While 
the genesis of lower horizons is connected with the Benioff zone, the upper ones are believed 
to be influenced by the continental crust remelting. The eruptions of high-alkalic 
plateau-basalts, homogeneous over the vast areas finish the development of the margin- 
continental volcanic belts. ‘These eruptions are connected with the extension zones on 
the arches appearing on site of the volcanic belts after the Benioff zone disappears. 

Many island arcs and margin-continental volcanic belts are distributed along the 
ancient sialic megablock boundaries. Their position assumes the large mutual horizontal 
displacements between the megablocks and separating them are the eugeosynclinal zones. 
The continental enlargement took place not only at the expense of the island arc dis- 
placement towards the ocean, but also owing to the joining of the ancient sialic megablocks 
originated in the Early Precambrian time into one continental mass. 


This paper draws the information from the work of many other geologists. Essential references have 
been given but many others have been omitted for space requirements. Special thanks for helpfull discus- 
sions are in particular due to L.P. Sonenshein, L.P. Karsakov, V.A. Popeko, S.M. Til’man and R.B. Umitbaev. 
Mrs. Natal’ina I.S. put this paper into English and the authors appreciate very much this hard work. 
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THE CRUSTAL STRUCTURE AND ORIGIN OF THE BASINS 
OF JAPAN SEA AND SOME OTHER SEAS OF THE 
CIRCUM-PACIFIC MOBILE BELT 


Peter N. KroporKin 


Institute of Geology, Academy of Sciences of 
the U.S.S.R., Moscow, U.S.S.R. 


(Received June 5, 1978; Revised September 8, 1978) 


The reconstructions of Mesozoic pre-drift arrangement of tectonic units, grounded on 
the geological and geophysical data and on the fit of continental slope contours, were com- 
piled for the regions of the sea of Japan, the South China sea, the Tasman and Caribbean 
seas and the Gulf of Mexico. These reconstructions confirm a supposition that the basins 
of marginal seas were formed by the tension and break of the continental crust. In the 
deep basins a crust of oceanic type was formed by the sea floor spreading. The tension 
and rupture of the earth’s crust was due in most areas of marginal seas to the drift of island 
arcs from the continent towards the Pacific, but in other areas (the Gulf of Mexico, the 
Caribbean and Tasman seas) it was connected with the removal of adjacent large conti- 
nental blocks (N. and S. Americas, Australia and Antarctica). 


An intermittent line of different tectonic structures formed by the tension of earth’s 
crust during the Late Mesozoic and Cenozoic eras stretches from the East Pacific rise to 
the Gulf of California, then to the Basin and Range Province, depressions of the Pacific 
coast of Canada and deep basins of the south parts of the Bering sea and the sea of Okhotsk, 
to the basins of the Japan sea, Okinawa trough, the South China sea, Sulu, Celebes 
and Banda sea basins and further to the Coral sea and the Tasman sea basins. It is pos- 
sible that a chain of mantle diapirs beneath these basins (Karic, 1971) is joined on con- 
siderably deep levels by means of a general process involving the uplift of mantle matter 
within a common belt. Tensional tectonic structures of the Caribbean sea may be identi- 
fied with a branch of this belt. 

Treatment of the mentioned depressions as tension structures of the earth’s crust is 
based on the interpretation of magnetic anomalies due to the sea floor spreading and on the 
reconstructions of the former arrangement of tectonic units. ‘The reconstructions of this 
kind are grounded on geological and morphological data concerning the regions of the 
Japan sea and Tasman sea as well as the region of the Gulf of Mexico and the Caribbean 
sea (Figs. 1 and 2). 

As far back as in 1940s Kosayasnti (1941) and Bupnorr (1942) expressed an opinion 
that deep basins of the Japan sea were formed during the late Mesozoic and Cenozoic 
times as a result of tension and rupture of the earth’s crust related to the drift of Japan 
towards the Pacific ocean. This assumption was based on the remarkable similarity of 
the Triassic and Jurassic sedimentary series of the Vladivostok area (U.S.S.R.) and Hon- 
shu island of Japan. 

A detailed reconstruction of the pre-drift arrangement of structural units in this area 
was carried out by the author on the ground of geology and morphology and was published 
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Fig. 1. Paleotectonic map of Korean peninsula, Maritime province of the USSR, Sea of Japan and 


Japan islands (after Kroporxin, 1964). Reconstruction dates to the middle of Mesozoic era. 

(1-7)—Chinese platform, including: 1, border of the Precambrian platform (craton); 2, Ar- 

chean and lower Proterozoic basement (in the contours of recent outcrops on the surface); 3, 

Precambrian basement on the areas covered now by the Jurassic and Cretaceous sediments of 
Tsushima depression; 4, Precambrian basement supposed in the belt of Shinji geosyncline filled 
by Tertiary sediments; 5, supposed Precambrian basement under the floor of the sea of Japan 
and the Yellow sea; 6, Proterozoic folded belt of the Machenrion-Okchhon geosyncline; 7, 
sedimentary cover of the Precambrian platform (consisting of upper Proterozoic, Cm-O and 
C2-T1; in the Okchhon folded zone only Cm-O and C2-T1), shown in the recent contours of 
extension. For the middle of the Mesozoic era a more wide extension of sedimentary cover is 
supposed almost on the whole area of the Precambrian platform. (8-11)—Belts of Permian and 
Early Mesozoic folding and extension of P-J granitoides intrusions, including: 8, belts of Late 
Hercynian and Early Mesozoic folding consolidated in the middle of Triassic, 9, median mass 
of Khanka lake and other blocks of earlier consolidation, 10, belts of Late Hercynian and Early 
Mesozoic folding that have undergone a posterior deformation during the Cretaceous and Ter- 
tiary folding, 11, the granitoids of Permian, Triassic and Jurassic age (recent outcrops, partly 
with extrapolation). (12-14)—Belts of Mesozoic marine geosyncline depressions, including: 12, 
Mesozoic geosyncline of the Sikhota-Alin range (marine basin, subsidence of syncline areas dur- 
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in four editions in the U.S.S.R. (Kroporxin, 1964, 1971la, 1972; Kroporxin and SHAKH- 
vaRsTOvA, 1965). Subsequent geophysical survey and dredge works on the steep bottom 
sections have confirmed this reconstruction (BERSENEV, 1973; Pac. OcEANno.. Inst. 
— Scr. U.S.S.R., 1977; MeLANHOLINA and Kovytin, 1976; Hitprz and WaAGEMAN, 

In our reconstruction (Fig. 1) made for Jurassic time Japan was represented as an 
almost straight structure located 50-430 km nearer to the continent of Asia than in the 
recent epoch. A deformation which transformed this structure into a broken arc occurred 
during considerably later times, as it was confirmed by the study of paleomagnetism of 
Cretaceous rocks (KAwat et al., 1969; Krenzie and Scuaron, 1966). The submarine 
Yamato rise, the shelf around Oki islands and the Noto peninsula as well as the rises near 
Utsuryo (Ullyndo) island, the Korea plateau and the Bogorov ridge in the north part of 
the sea of Japan were considered as the fragments of Asia. 

The basic foundation of proposed reconstruction is a good fit of contour lines of the 
northern slope of the Yamato rise and of the continental slope near the coast of Korea and 
the U.S.S.R. between 130° and 135° E to the west and east of Vladivostok. In this re- 
construction the Korea peninsula, Utsuryo island, the western part of Yamato rise and the 
Oki-Noto shelf form the parts of Precambrian Chinese craton. A Precambrian basement 
was supposed beneath Tertiary and more ancient sediments in south Korea, near the coast 
of Honshu island and in the Hida belt. Now this supposition is confirmed: (1) By the 
dredging of Precambrian granite-gneisses of the age 2,000-2,700 my near the Utsuryo 
island and on the Krishtofovich rise to the northeast of this island (Letikov et al., 1975), 
(2) by the study of pre-Silurian rocks of southwest and central Japan, in particular the 
gneiss pebbles in the Permian Kamiaso conglomerate (SuHrpaTa and Apacui, 1974; Hur- 
EEy ¢ al., 1973). 

The study of morphology of the microcontinents in the Atlantic area and in the mar- 
ginal seas shows that a typical feature of such small blocks of continental crust has a steep 
slope, roughly corresponding to the line of faults bordering every block. One can deter- 
mine the contours of a microcontinent by tracing its steepest slopes. In contrast to the 
slopes of large continental blocks which commonly demonstrate their greatest steepness at 
the depth level 1,000—1,500 m, one observes usually the deepest slopes of microcontinents 
at the depth 1,500-2,500 m. Rather flat areas of microcontinents lie often at the depth 
400-1,000 m instead of the depth 0-200 m, which is typical for the marginal areas of large 
blocks of the continental crust. 

A detailed study of the bottom relief, seismic profiles and magnetic anomalies confirms 
the presence of faults (mainly normal faults) bordering and cutting the Yamato rise (SHE- 


ing T3, J and Cri, active volcanism) ; 13, depressions where subsequent Tertiary geosynclines and 
grabens were developed; 14, Mesozoic geosyncline Shimanto and the depressions of subse- 
quently developed Cenozoic geosyncline of the outer belt of Japan and of the Sakhalin island; 
15, Pacific basin (an oceanic tectonic plate); 16, blocks of the Japan sea floor that have a con- 
tinental crust (B, Vitiaz rise; 5, submarine Bogorov range; CA, northern bank of the Yamato 
rise; }OM, southern bank of the Yamato rise; Y, Korea plateau and the rise of the Ullyndo island; 
O, the Oki islands shelf, XH, the Hegura island and Noto peninsula shelf). Recent paralleles and 
meridian lines (interval 0.5°) are shown. (17-20)—Schematic recent bottom bathymetry con- 
tours, including: 17, 500m; 18, 1,000m; 19, 2,000 m; 20, 2,500 m. 21, Strike of folds; 22, 
faults of different types, 23, strike-slip faults (direction of a posterior displacement is shown; KK, 
Kanto transcurrent fault); 24, main ruptures of the Earth’s crust along which the tension of 


deep basins of the Sea of Japan took place. 
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VALDIN, 1974) and submarine plateaus of the southwest part of Japan sea to the east of 
Korea (Karp et al., 1974; Muraucui and AsANuMA, 1970). Using these data and a 
recent bathymetric map (MAMMERICKx ¢¢ al., 1976) one can obtain more exact contours of 
microcontinents by tracing the line of the steepest slopes (of declivity 0.07-0.5) of the sub- 
marine rises. Such a refinement does not result in any essential change of the reconstruc- 
tion given on Fig. 1. ; : 

The continental structure of the Yamato rise, Korea plateau and Bogorov ridge is 
confirmed now by the seismic sounding and other geophysical studies (KovYLIN and 
Srrogv, 1976; Pac. Oceanot. Inst. Acap. Sct. U.S.S.R., 1972; Karp et al., 1974). 

In northern Korea the margin of the Precambrian craton is bordered by the belt of 
Late Permian and Triassic folding of NW-SE trend. In our reconstruction this orogenic 
belt continues over the Yamato rise to the Toyama bay and the Hida mountains. This is 
in agreement with the NW-SE orientation of magnetic anomalies on the Yamato rise 
(IsezAk1 and Uyepa, 1973; SHEvaupin, 1974). The granites with the age of about 200 
my dredged on the Yamato rise (UENo et al., 1974) correspond to the granites of the same 
age in other parts of the mentioned belt, including the Hida zone. 

The granites and metamorphic volcanic and sedimentary rocks of Yamato rise have 
a remarkable similarity to the rocks of Vladivostok area (VastLyEV and MARKEVICH, 
1973). 

The mean virtual position of Cretaceous pole was obtained by paleomagnetism of the 
rocks of North Korea (Gurary ¢¢ al., 1966) and South Korea (Yaskawa, 1975) as 69°— 
72° N, 178°-211° E, and of SW Japan as 53° N, 201° E. It follows that southwest part 
of Japan underwent a clockwise rotation by 20° since Cretaceous period. The reconstruc- 
tion corresponds to a small southward displacement of SW Japan and its clockwise rotation 
by 27° relatively to Korea during the drift of Japan towards the Pacific. 

The oceanic crust was formed by the spreading of sea bottom in great basins of the 
north, west and south parts of the sea of Japan and in two rifts: (1) Between north and 
south parts of the Yamato rise, (2) in the Tatary strait belt (Tuxina et al., 1970). The 
Kilju-Moenchhon graben of NE Korea was formed in connection with the same tension 
(Kroporxin and Ro, 1966). The southern prolongation of this graben is distinctly ex- 
pressed as a rift of meridional direction on the continental slope (at 129.5° E). 

The central part of the sea of Okhotsk is a vast region of continental crust. But its 
thickness was reduced to 20-30 km owing to the formation of rifts and the fragmentation 
due to the tension of the crust during the Cenozoic era. A meridional graben was formed 
along the Deriugin basin (western part of the sea). Another depression filled by a still 
more thick sequence of Cenozoic sediments was formed along the west coast of the Kam- 
chatka peninsula. Some outcrops of basement rocks were found on the rises (Institut 
Okeanologii rise, Akademii Nauk rise). The tops of these rises are at the depth level 930- 
1,000 m (Upintsev e¢ al., 1976; Krasnyy et al., 1975). This basement represents a region 
of early Mesozoic and Paleozoic folding and consolidation (so called ‘“Okhotia” median 
mass). 

Due to the isostatic submergence connected with the reduction of the earth’s crust 
thickness, the continental slope appears here on the depth 1,100 m, ice. considerably deeper 
than usual, and is observed to 2,000 m downwards to the deep basin of the south part of 
the sea. Such a peculiarity is analogous to the above mentioned specific feature of the 
relief concerning the levels of tops and slopes of microcontinents. 

The deep basin of southern part of the sea of Okhotsk is built of an oceanic crust formed 
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by the sea floor spreading due to the drift of the Kurile arc towards the Pacific. On the 
west side this basin is limited probably by a meridional sinistral wrench-fault. 

A reconstruction of the tectonic units in the southeast Asia at the end of Paleozoic and 
in the Mesozoic era, i.e. before the formation of oceanic crust in the deep (up to 4,500 m) 
basin of the South China sea, was also published in the cited book (KRoOpOTKIN and SHAKH- 
varsTova, 1965). This reconstruction is based on the assumption that shallower (200- 
2,500 m) parts of this basin being a former prolongation of the Asia continent, have a 
crust of continental type. Near the Vietnam coast between 11° and 17° N, the Precam- 
brian massif of Kon-Thum and almost latitudinal folding belt which consists of Paleozoic, 
Triassic and Jurassic sedimentary series are cut by a large fault along the continental mar- 
gin. One can suppose a prolongation of these tectonic structures as well as of the structures 
of South China into the west and northwest parts of South China sea embracing the Paracel 
islands, Pratas and Macelesfield banks. This area is evidently a ruptured, disintegrated 
continental block. 

Another block of the same type, measuring 400 x 1,000 km, occupies the southern 
part of the sea. It is limited by the bathymetric contour 2,500 m and consists of the rises 
of the Spratley and Amboina islands and numerous banks and reefs to the west of the 
Palawan island and to the north of Borneo. Many of them have flat tops and steep slopes 
(Mammericxx et al., 1976). The corresponding contours of both these blocks fit suffi- 
ciently if one assumes that latter one underwent a clockwise rotation by 20° and a drift in 
the southeast direction together with Luzon island during late Mesozoic and Cenozoic 
times. 

Using the spherical models and geologic and paleomagnetic data I compiled a global 
reconstruction of all continents at the late Paleozoic-early Mesozoic times (KROPOTKIN, 
1964, 1967, 1971b). A fit of continental slopes of the separated parts of Gondwanaland 
and Laurasia was reached by adjusting of the 2,000 m bathymetric contours. More 
detailed reconstructions of Atlantic (BuLLARD ef al., 1965) and Australian-Antarctic 
(Sproity and Dierz, 1969) regions confirm the validity of this reconstruction. In my 
scheme in contrast to many global reconstructions (for example, BRIDEN et al., 1974) ac- 
count was already made of the removal of the Chinese craton and Japan to the east rela- 
tive to the north part of Eurasia during Mesozoic and Cenozoic times (KRoporTxin, 197Ic). 
The tectonic structures of the Chukotsk peninsula and Alaska were not disrupted in this 
reconstruction. Their unity should be retained if one takes into account that the Ver- 
khoyansk range geosyncline was considerably wider during the Mesozoic era than the 
recent folded belt which originated from this geosyncline. 

In my global reconstruction (Kroporkin, 1964) the deep basin of the ‘Tasman sea was 
covered by placing the Lord Haw submarine rise near the Australian continent, and the 
Campbell plateau-near Tasmania and the Antarctic continent. The fold belts of eastern 
Australia are cut off by the fault on the continental slope at an angle of 40°-90° to their 
trend. One must look for their prolongation on the other side of the Tasman basin in the 
Lord Haw ridge, south extremity of New Zealand and the Campbell and Chatam plateaus 
(Carry, 1958; Grirritus, 1971; Suzyumov, 1977). 

For the explanation of the origin of deep basins of the Japan sea, the sea of Okhotsk, 
the Bering, South China, Coral seas and Okinawa trough it is sufficient to suppose a drift 
of an island arc from the continent to the Pacific. But in the case of the Tasman sea basin 
an account should be made of the break of the adjacent continent and a displacement of 


its two parts, Australia and Antarctica. 
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Fig. 2. Paleotectonic reconstruction of the area including the Gulf of Mexico, Central America and 
the Antilles (after Kroporkin and SHakHvarstTova, 1965). A scheme illustrating supposed 
arrangement of the crustal blocks at the end of Paleozoic and beginning of Mesozoic era. 1, 
Pacific basin; 2, Precambrian cratons (a) North American craton (JI), (b) the parts of Gond- 
wanaland (Florida platform, African and S. American platforms); 3, areas consolidated owing 
to the Upper Paleozoic and Early Mesozoic folding; 4, the outcrops and areas where the Pre- 
cambrian and metamorphic Paleozoic rocks are at shallow depth (the blocks of Yucatan and 
Honduras massifs, the anticlinoria of the Late Mesozoic and Cenozoic folded belts); 5, the area 
of gently deformed Mesozoic and Paleogene sedimentary layers over the Paleozoic or Precam- 
brian basement; 6, the crustal blocks of the Greater Antilles islands, further deformed (the recent 
coast line contours are plotted); 7, areas that similarly to the previous ones (6) became the parts 
of folded belts and island arcs at posterior times; 8, Paleozoic folding strike (a, established trend; 
b, supposed trend); 9, Paleozoic geoanticlines being the nuclei of consolidation in the Mesozoic 
and Cenozoic folded belts; 10, main ruptures from which originated the rifts and transcurrent 
faults; 11, direction of the strike-slip displacement; 12, supposed direction of the displacement 
(a) and rotation (b) of the crustal blocks during the Mesozoic and Cenozoic areas. The movement 
relative to the North American platform is shown, the latter is conditionally considered as a 
stable block; 13, Abrupt and steep continental slopes of the platform recent surface; 14, recent 
bottom bathymetry contours following approximately along the margins of crustal blocks that 
have a continental type of structure (a, 1,000 m; b, 2,000 m); 15, contours of the recent coast 
lines. Letter symbols—The areas of Precambrian (partly Lower Paleozoic) consolidation: A®, 
African platform; 3M, the Cape Verde islands block; JI, Llano bend (a part of North American 
Precambrian platform); ®JI, Florida platform (including the blocks of Bahama islands and 
banks); IOAM, South American Platform. The areas of Late Paleozoic consolidation: AJI, the 
Southern Appalachian belt and its prolongation; IT, the block including Honduras massif and 
Mosquito and Rosalinde banks; CM, Southern Sierra Madre massif: UI], Chiapas massif; FO, 
Yucatan block, including Campeche bank. Steep continental slope lines: 1-1, Sigsbee; 2-2, 
West Florida; 3-3, Campeche; 44, fault slopes that originated the Yucatan basin and Cayman 
trench; 5-5, the abrupt slopes and faults of the Bahama bank, Silver bank etc.; 6-6, 7—7, 8-8, 
the fault slopes bordered the primary main rift of Atlantic. Embrional structure belts of recent tec- 
tonic units: 9, Cuba; 10, Haiti island; 11, Puerto-Rico; 12, Jamaica; 13, Lesser Antilles, Tri- 
nidad island and Eastern Coastal Cordilleras of Venezuela; 14, Coastal Cordillera of Venezuela; 
15, Cordillera Merida; 16, Cordillera Perija; 17, Central Cordillera of Colombia; 18, Panama 
isthmus arc; 19, Guatemala trench; 20, middle part of Caribbean sea; 21, eastern Mexico; 
22, middle part of the Gulf of Mexico; 23, 24, Atlantic ocean. 
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The rupture and the parting of the Paleozoic continental blocks in the direction rough- 
ly parallel to the margins of Circum-Pacific mobile belt was still more important in the 
case of formation of the basins of the Gulf of Mexico and the north and south parts of the 
Caribbean sea. A reconstruction of this area based on the analysis of geological structure 
and on the fit and adjusting of the continental slope contours was compiled for the early 
Mesozoic time (Fig. 2). The deep basins were formed here mainly by the removal of 
North America away from South America. This displacement was accompanied by a 
rupture and fragmentation of the plates consolidated by Paleozoic folding. The blocks 
of Chiapas, Yucatan, Honduras and other tectonic massifs were formed by this way. 
The Florida peninsula and Bahamas bank were a part of Precambrian Gondwanaland 
craton teared off western Africa. South and North Americas on Fig. 2 are drawn together 
to the extent required for the global reconstruction. 

It may be concluded that the sea floor spreading resulting in the generation of mar- 
ginal seas is not necessarily connected with a subduction of oceanic plates in adjacent areas 
(as it was supposed according to the Karig’s model; Karic, 1971). Figures 1 and 2 show 
the initial stages of two different types of the marginal sea formation. 

The study of tectonic structures formed by the tension between the continent and 
island arcs may be useful for the oil prospecting in the grabens and depressions of shelf 
areas. 
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MAJOR STRIKE-SLIP FAULTS AND THEIR BEARING 
ON SPREADING IN THE JAPAN SEA 
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Institute of Geology and Paleontology, Tohoku University, Sendai, Japan 
(Received May 31, 1978; Revised September 13, 1978) 


The authors emphasize the important role of the large scale strike-slip faults in the 
tectonic history of the circum-Japan Sea region including the origin of the Japan Sea Basins. 
NE-SW to NNE-SSW trending faults in the region were formed by the intense compression 
from the south which corresponds to the “‘pulse” suggested by Larson and Prrman (1972). 
NS to NNW-SSE trending faults in Northeast Japan were formed one after another from 
east to west by the left-lateral simple shear force induced by the subduction of the peculiar 
transform fault between the Kula and Tethys plates. Subduction of the seamount chain 
on the peculiar transform fault formed NW-SE trending faults and the cusp structure in 
the Kanto region. The subduction of the Kula-Pacific and Tethys ridges produced the acid- 
ic igneous activities of the Cretaceous to Paleogene in the Asiatic continental margin. 
Japan Sea Basins were formed in the Paleogene time by the southward drift of the western 
part of Japan bounded on the east by the Tanakura shear zone and on the west by the 
Tsushima fault, both of which had already been formed as left-lateral faults in the Creta- 
ceous time. 


1. Introduction 


The Japan Sea is one of the typical marginal seas which are intimately related to the 
island arc and deep sea trench system. It is divided into the Japan Basin, the Yamato 
Basin, and the Tsushima Basin by the Oki Bank-Yamato Ridge and the Korean Plateau. 
The Japan Basin has water depths of 3,000 to 3,700 m, Yamato Basin and Tsushima Basin 
have depths of 2,000 to 2,500 m. ‘The sediment cover on the acoustic basement attains 
2.25 km in thickness in the Japan Basin and 1.5km in the Yamato Basin (HILDE and 
Waceman, 1973; Lupwic et al., 1975). The geological age of the sediments ranges 
probably from the Miocene to Holocene (Karic ef al., 1975). ‘The crust in the Japan Basin 
is typically oceanic (Kovyiin and NEprocunoy, 1965; Muraucut, 1966; VAsILKovsky 
et al., 1971; Lupwic et al., 1975). Also in the Yamato Basin, there is oceanic crust with a 
layer of 3.5 km/sec material possibly comprising of green tuff. Karic (1971b) classified 
the Japan Sea as an inactive marginal basin with high heat flow. 

Various opinions have been offered on the origin of the Japan Sea. According to 
BeLoussov and Rupircu (1961), Minato ¢¢ al. (1965), BeLoussov (1968), and Minato 
and Hunanasui (1970), the Japan Sea bottom is a former landmass that has subsided to 
the present depth by crustal foundering or by oceanization. VAsILKovsky et al. (1971) 
considered that the sea represents a permanent ocean basin. However, a widespread 
hypothesis regarding this problem is that the Japan Sea is a by-product of the southward 
drift of the Japanese Islands from the Asiatic continent (Muraucui, 1966, 1971; HaAseBE 
et al., 1970; Matsupa and Uyepa, 1971; Horrkosut, 1972; Hurvey et al., 1973; HILpE 
and Waceman, 1973). Uyepa and Mryasuiro (1974) have proposed that the Japan Sea 
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opened up during Cretaceous to Oligocene as a result of collision and subduction of the 
hypothetical Kula-Pacific ridge. Mrtankuouina and Kovytin (1976) considered by the 
geological data of land and the Japan Sea bottom that the Japan Sea was formed in the 
Paleogene. / 

In this paper, the authors attempt to clarify the evolutionary history of the Japan Sea 
and its surrounding area with special attention focused on the major strike-slip faults in the 
circum-Japan Sea region. Plate motions in the western Pacific will be discussed on the 
basis of the land-based geological data. 


2. Major Strike-Slip Faults in the Circum- Japan Sea Region 


Recently, many major strike-slip faults have been studied in the Japanese Islands, 
Korean Peninsula, and Sikhote-Alin Range. The authors consider that they played an 
important role in the Cretaceous tectonic movements in the region, and also in the south- 
ward drift of the Japanese Islands. These faults are classified into three groups by their 
trends; NS to NNW-SSE, NE-SW to NNE-SSW and NW-SE. Distribution and some 
characteristics of these faults are shown in Fig. 1 and Fig. 2. Fault name will be often 
written in the form of ‘‘F-fault number”’ for short. 


2.1 NS to NNW-SSE trending faults 

2.1.1 Hizume-Kesennuma fault and other faults in the Kitakami belt, Northeast Honshu 

Extro (1977) studied the NNW-SSE trending faults in the Kitakami belt, especially 
the Hizume-Kesennuma fault (F-3) in detail and concluded that F-3 is a left-lateral fault 
with a displacement of about 30 km on the basis of the offset of the Permian formations 
and of the synclinal structure of the Jurassic and Lower Cretaceous formations. 

The left-lateral displacements of the Hitokabe-Iriya fault (F-4) and the Tono-Takada 
fault (F-2) were estimated to be 5 to 10 km and about 10 km, respectively, judging from the 
distribution of the Jurassic, Triassic and Permian formations. The Tsuchibuchi-Sakari 
fault (F-1) was assumed to have a left-lateral displacement of about 20 km from the dis- 
tribution of the Lower Cretaceous volcaniclastics. The left-lateral displacement of these 
faults amounts to 70 to 80 km in all. These faults were formed during the period of the 
Barremian to Early Aptian Oshima Orogenic Movement (Kosayasut, 1941). 

2.1.2 Futaba and Hatakawa shear zones 

To the west of the Kitakami belt, there is the Abukuma belt which is bounded on the 
west by the Tanakura shear zone (F-10), and on the east by the Futaba and Hatakawa 
shear zone (F-6, F-7) trending in NS direction. Along F-6 and F-7, granitic mylonites 
are observed within the width of several hundreds meters or more. The mylonitic foli- 
ations trend in NNE-SSW obliquely to the general trend of the shear zones, and have a 
tendency of becoming parallel to the trend of the shear zones in the more intensely 
mylonitized parts. Such deformational configuration of mylonites indicates that the 
displacement along the shear zones is left-lateral in sense (RAMsAy and Granam, 1970). 
Krramura (1963, 1976) studied the northern extension of these shear zones and named it 
Nyunai-Yakeishidake tectonic line. The pre-Tertiary granitic rocks cropping out to the 
south of Mt. Yakeishi reported by Kiramura and Kanisawa (1971) is highly mylonitized, 
and the deformation features indicate the left-lateral shearing with a NNW-SSE trend. 

There is no visible indication of the displacement along F-6 and F-7, but it is possible 
to estimate the displacement along them to be about 80 and 20 km, respectively, based on 
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Fig. 1. Structural and physiographic map of the Japanese Islands and the adjacent regions. 1, 
Tsuchibuchi-Sakari fault; 2, Tono-Takada fault; 3, Hizume-Kesennuma fault; 4, Hitokabe- 
Iriya fault; 5, Chokai-Ishinomaki tectonic line; 6, Futaba shear zone; 7, Hatakawa shear zone; 
8, Futatsuya fault; 9, Yunotake fault; 10, Tanakura shear zone; 11, Kwanto tectonic line; 
12, Itoigawa-Shizuoka tectonic line; 13, Akaishi tectonic line; 14, Median tectonic line; 15, 
C fault; 16, B fault; 17, A fault; 18, Nagato tectonic line; 19, Tsushima fault; 20, Yangsan 
fault; 21, Fudzino-Iman fault; 22, Central Sikhote-Alin fault. Ki, Kitakami belt; Ab, Abukuma 
belt; Jo, Joetsu belt; As, Ashio belt; Ts, Tsukuba belt; Hi, Hida belt; Sa, Sangun and Hida 
marginal structural belts; Mi, Mino and Tanba belts; Ry, Ryoke belt; Sm, Sambagawa belt; 
Ch, Chichibu belt; Sh, Shimanto belt. 
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Fig. 2. Displacement and period of activity of the strike-slip faults. R, right-lateral; L, left-lateral. 
Asterisk denotes the displacement estimated by the relation between the width of shear zone and 
displacement along fault established by Orsuxi (1978). 


the relationship between the width of shear zone and displacement along fault established 
by Orsux1 (1978). 

F-6 and F-7 influenced the Cretaceous granitic rock province (WATANABE et al., 1953, 
1955; Ono et al., 1953). K-Ar ages of the Cretaceous granitic rocks in the Kitakami 
belt range from 110 to 120 my which are about 20 my older than those in the Abukuma 
belt (Kawano and Uepa, 1965, 1966a, b, 1967; Nozawa, 1970, 1975). Most of granitic 
mylonites along the shear zones show the protoclastic texture, and K-Ar age of 91 my was 
obtained from one of them (Kawano and UeEpa, 1966a). Moreover, these mylonites 
suffered brittle shearing after cooling. Accordingly, two stages are distinguished in the 
activity of the shear zones; in the Middle Cretaceous time and later period. 

2.1.3 Tanakura shear zone 

The Tanakura shear zone (F-10) is a remarkable tectonic line with a mylonitic and 
cataclastic shear zone of 2 to 3km in width. The Paleozoic and Mesozoic tectonic belts 
(Ashio, Tsukuba and Sambagawa belts) to the west of F-10 are abruptly terminated by 
this shear zone and cannot be traced further east. Besides, F-10 influenced the provinces 
of the Cretaceous to Paleogene igneous activities. Namely, the Cretaceous granites in 
the Abukuma belt are 90 to 100 my in age, and those in the Ashio and Tsukuba belts are 
younger than the formers by about 25 my (Kawano and UEpa, 1966a, b, 1967; Nozawa, 
1970, 1975). The Late Cretaceous to Paleogene acidic volcanism occurred intensely in 
the inner zone of Southwest Japan and the Ashio belt, but it cannot be traced to the east 
beyond F-10 (Takanama, 1972; Yanat et al., 1973; Ocuont et al., 1973). Many geo- 
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logists (IsH1HARA, 1973; Kanaya and Isnmmara, 1973; Kixucut, 1974; Tsusur and Isui- 
HARA, 1974; Kanisawa, 1975; IsH1HARA and TrERAsHIMA, 1977) clarified that there are 
remarkable differences in the chemical and mineral composition of the granitic rocks, as 
well as in the nature of the ores accompanied by the granitic rocks, between the areas on 
the west and east of F-10. 

Orsuxr (1975) concluded that F-10 is a large-scale left-lateral fault on the basis of 
the pattern of faults in the shear zone. Though no direct indication is observed, the dis- 
placement along the shear zone is estimated to be about 400 km from the width of shear 
zone-displacement relation (Otsuk1, 1978). There is no definite indication of climax of 
movement in the shear zone, but authors infer that it was reached in the Middle Cretaceous 
and Paleogene from the fact that F-10 influenced the province of the igneous activities 
during this period. ‘Two stages are distinguished in the activities of the leftlateral fault 
movement. In the first stage the mylonitic rocks were formed, and in the second stage 
they were sheared into fault breccia and clay. Since Miocene, only the vertical and 
small scale right-lateral movements have occurred along the shear zone. 

The northern extension of F-10 has been discussed by many geologists. But the thick 
Neogene covers prevent them from exact recognition. The authors stand to the opinion 
of Krramura (1963), Ocucui et al. (1973), and Yosurpa et al. (1976) that the northern 
extension of F-10, not only in the Miocene but also in the Paleogene and Cretaceous, can 
be traced along the Sagaegawa fault or Oisawa fault, Tachiyazawa fault and to the base 
of Oga Peninsula. Further extension to the north is traced across the lower reaches of 
Irakawa River on the Japan Sea coast of Aomori Prefecture, where intensely mylonitized 
granitic rocks are observed in the Shirakami-dake granitic body (KaTapa and Ozawa, 
1964; Kano et al., 1966; Fuymoro, 1976). The deformation feature of the mylonites 
indicates left-lateral shear trending in NNW-SSE direction. K-Ar ages of the granitic 
mylonites are 63 and 93 my (Kawano and Uepa, 1966b). Further north extension of 
F-10 is considered to be along the Okushiri Ridge with NS trend which forms the bound- 
ary between the Japan Basin and the continental borderland of Northeast Japan, and 
pass through the eastern side of Okushiri Island to the “Sikhote-Alinsky swell” of ZvEREV 
and Turina (1973). 

2.1.4. Akaishi and Itoigawa-Shizuoka tectonic lines 

Itoigawa-Shizuoka tectonic line (F-12) is a western boundary fault of the Fossa Magna 
region. It trends roughly in NS, and has about 12 km left-lateral displacement (KAawacuI 
et al., 1966). The Akaishi tectonic line (F-13) is a left-lateral fault with displacement of 
about 64 km and its lateral movement occurred within the period between the Cretaceous 
and Paleogene times (Kimura, 1959; Marsusnima, 1973). Kimura (1966) considered 
that the incipience of F-12 was at nearly same time as the left-lateral fault movement along 


F-13. 


2.2 NE-SW to NNE-SSW trending faults 

NE-SW to NNE-SSW trending faults are developed in Southwest Japan, Korean 
Peninsula, eastern China and Sikhote-Alin Range. 

2.2.1 Central Sikhote-Alin fault and Fudzino-Iman fault 

In the Sikhote-Alin region, there are major left-lateral faults with NNE-SSW trend, 
such as the Fudzino-Iman fault (F-21) and the Central Sikhote-Alin fault (F-22). The 
former has displacement of 120 to 140 km (BERSENEV, 1971). The width of the Central 
Sikhote-Alin fault is measured about 2 km on the ERTS images. The displacement along 
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the fault is estimated to be about 200 km on the basis of the width of shear zone-displace- 
ment relation (Otsuxt, 1978). Brrsrnev (1971) considered them to have been formed in 
the Late Turonian to Early Senonian; ABLArv et al. (1972), in the Late Albian; MELAN- 
KHOLINA and Kovytin (1976), in the Middle Senonian to Late Cretaceous. 

2.2.2 Nagato tectonic line and other faults 

In the Chugoku and Kyushu districts, Southwest Japan, there develop NE-SW trend- 
ing faults. The Nagato tectonic line (F-18) (Matsumoto, 1949) is the largest fault among 
them. Nurexi (1972) hypothetically proposed that the tectonic line left-laterally shifted 
the southern boundary of the Sangun metamorphic belt by 50 to 60 km. Nurexi (1969) 
also suggested that three same trending faults (A, B, and C faults; F-17, 16, 15) associated 
with F-18 have left-lateral displacement of 40, 20, and 7.5 km respectively. 

The incipient movement of F-18 was thought to be pre-Jurassic (MuraKAmI, 1971), 
but it was active also in the Late Jurassic to Early Cretaceous (Matsumoto, 1949; Suzux1, 
1971). The appearance of F-15-17 may be in the Middle Cretaceous time judging from 
their relation to the Ryoke metamorphysm and the Cretaceous igneous activity in this 
region (OKAMURA and Kojima, 1951; Oxamura, 1963; NisHimurA and Nurekt, 1966; 
NurekI, 1966). 

2.2.3  Yangsan fault and Tsushima fault 

The Yangsan fault (F-20) (REEDMAN and Um, 1975) with NNE-SSW trend is located 
in the southeastern part of the Korean Peninsula associated with other sub-parallel faults 
(Son e¢ al., 1968). It right-laterally dislocated the Late Cretaceous granitic bodies and 
the boundary between the Silla Group and the Early to Middle Cretaceous volcanic rocks 
by 25km. Son et al. (1968) concluded that F-20 originated soon after the consolidation 
of the Eonyang granite with K-A age of 72 my (LEE and Uepa, 1976) and ended its ac- 
tivity before the deposition of the Miocene formations. It seems to have been active as a 
normal fault since Miocene. It should be noted that F-20 is a right-lateral fault in spite 
of its same trend as the left-lateral fault of F-22, and the its activity is younger than the 
other faults trending NNE-SSW to NE-SW. Many faults parallel with F-20 are recogniz- 
ed in the Korean Peninsula by ERTS images. ‘They seem to have similar history as F-20. 

Another major fault parallel to F-20 is known along the eastern wall of the Tsushima 
trough, named ““Tsushima fault’? (F-19) (Muraucui and Asanuma, 1969). The southern 
extension of the fault was detected west off Goto Islands (INour, 1975). Furthermore, 
F-19 might extend southward along the Taiwan-Sinzi folded zone (Emery and Nuno, 
1968; Emery et al., 1969) which was considered to be originated during the Paleogene and 
Miocene. The authors consider that F-19 and F-18 are the southern extension of F-22, 
and that F-19 was reactivized in the later period as a right-lateral fault. 


2.3 NW-SE trending faults and the cusp structure in the Kanto region 

In Northeast Honshu, several faults trending NW-SE are developed. They are con- 
sidered to have originated in the pre-Miocene time. The Chokai-Ishinomaki tectonic 
line (F-5) is an important fault among them. This tectonic line shifted the northern ex- 
tension of F-6 and F-7 right-laterally by about 20 km (Kiramura, 1976). 

In the southeastern part of Northeast Honshu, Futatsuya fault (F-8) and Yunotake 
fault (F-9) are developed. They are assumed to be right-lateral faults which offset F-7 
(Iwao and Marsur, 1961). Accordingly, aformentioned faults are considered to have 
originated later than the NS trending faults and before the Miocene. 

The most important fault of these is the Kanto tectonic line (F-11) (KoBayasut, 


Major Strike-Slip Faults and Their Bearing on Spreading in the Japan Sea 543 


1941). Structural belts trending in EW direction in Southwest Japan are bent north- 
ward in the area to the west of F-12._ The equivalents of these structural belts can be 
recognized also in the Kanto region to the east of F-12 (Isomr and Kawata, 1968; YAma- 
sHiTa and Fuyrra, 1973). In the Kanto region, the structural belts are convex northward. 
On the other hand, they are convex southward in the area between F-10 and F-11 as shown 
in Fig. 1. F-11 forms boundary between the northeastern wing of the northward convex 
structure and the southwestern wing of the southward convex structure. This tectonic 
line has been considered to represent a large scale right-lateral fault (KoBayasut, 1941) 
and the displacement was estimated to be about 100 km (Isomr and Kawarta, 1968). 

On the basis of the structural analysis on the Sambagawa and Ryoke belts, Hara 
et al. (1977) concluded that the northward convex and bent structures were formed by the 
northward differential compression which was powerful particularly in the Kanto region. 
The authors consider that the origin of the southward convex structure is intimately re- 
lated to a drag resulted from the large scale left-lateral displacement along F-10. It is a 
difficult problem to date the development of the bent and convex structures. As mention- 
ed already, the left-lateral displacement along F-13 and probably also F-12 occurred in 
the Middle Cretaceous and Paleogene. Kashio mylonites, which are observed along the 
Median tectonic line (F-14) in the area of the bent structure, were considered to have been 
formed contemporaneously with the development of the northward bent and convex 
structures in the intimate relations to the left-lateral movement along F-13 (Hayama and 
YamapDA, 1973). Lead-alpha ages of the Kashio mylonites are 80 to 100 my (KARAKIDA 
et al., 1965). The Cretaceous to Paleogene granitic rocks in the inner zone of Southwest 
Honshu are divided into two groups, younger granites (40 to 75 my) and older granites 
(75 to 100 my). The former is distributed in the northern area and the latter in the south- 
ern area (Nozawa, 1970, 1975; TERAoKA, 1977). The older granitic bodies appear to 
take a part of the northward bent structure, but the younger granitic bodies not to be 
influenced by the bent deformation. Accordingly, the authors consider that the north- 
ward bent structure was almost completed during the period from 100 to 75 my. 

The Shimonita tectonic line, a part of F-11 (Isnm, 1962), was originated probably 
during the Hetonaian (Late Campanian to Maastrichtian) and Paleogene (Arar et al., 
1966). In the area to the northeast of F-11, the structural trends of the Jurassic and 
Lower Cretaceous Formations are involved in the southward convex structure (Subo, 
1976). The Hauterivian to Turonian formations in the Sanchu graben take a part of the 
northward convex structure (TAKEI, 1963; Saka and Koizumi, 1977). On the other 
hand, the geologic structure of the pyroclastics of the Latest Cretaceous Chuzenji acidic 
rocks (60 to 70 my) appears to be independent of the southward convex structure (YANAI, 
1972). Therefore, the authors consider that most part of the bent and convex structures 
was formed during the Middle and Late Cretaceous, probably in the period from 75 to 
100 my, and exaggerated in the later period. 


3. Age of the Japan Sea Basins: A Synthesis 

Many geologists and geophysicists have discussed about the problem of the origin 
of the Japan Sea Basins. The authors have compiled available information concerning 
the problem. 

i) The provenance of the arkose sandstones of the Triassic, Berriasian to Valanginian, 
and Hauterivian to Early Albian formations in the Sikhote-Alin region was thought to 
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be within the present Japan Sea area where some landmass existed during that time (BER- 
SENEV, 1971). 

ii) As mentioned already, it is considered by Russian geologists that the terminal 
folding in Sikhote-Alin occurred during Middle to Late Cretaceous. Corresponding tec- 
tonic movements, the post-Kanmon movements, occurred in the inner zone of Southwest 
Japan during the Cenomanian (IcuiKawa ¢ al., 1968). At the same time, NE-SW to 
NNE-SSW trending left-lateral faults were active in the Sikhote-Alin region and South- 
west Japan. This geological evidence shows that strong NS compression governed all 
over the circum-Japan Sea region. 

iii) F-20, along which the Eonyang granite body of 72 my in age was right-laterally 
shifted, should be taken into consideration in studying the southward drift of Japan. 

iv) Acidic volcano-plutonic activity of the Cretaceous to Paleogene age occurred in 
Sikhote-Alin, the Korean Peninsula, and the inner zone of Southwest Japan. The acidic 
volcanism continued from 100 to 50 my and peaked at about 90 my or later in Southwest 
Japan (IcumKawa et al., 1968; Supo, 1977), whereas in Sikhote-Alin, it continued from 
80 to 30 my, and peaked at about 60 my (Baskina and VoicHanskayA, 1972). Acidic 
plutonism continued from 100 to 40 my and peaked at about 90 and 70 my in Southwest 
Japan (Nozawa, 1970, 1975), whereas in Sikhote-Alin it continued from 80 to 50 my and 
peaked at about 60 my (BAskinA and VOLCHANSKAYA, 1972). 

Acidic volcanic rocks which are similar to those in Sikhote-Alin and Southwest Japan 
were dredged from the Yamato Ridge and some other banks in Japan Sea (SaTo and Ono, 
1964; Hosnino and Honma, 1966; Iwasucur and Moc, 1973). A huge amount of 
acidic volcano-plutonic products as those of the Cretaceous and Paleogene in the circum 
Japan Sea region may require the existence of a thick continental crust. Moreover, 
marginal structures of the Japan Sea Basins truncate the province of the volcano-plutonic 
activities as pointed by MELANKHOLINA and Kovy tin (1976). 

Above-mentioned geologic facts from i) to iv) suggest that the Japan Sea Basins origi- 
nated after the intense igneous activities, namely, after 60 or 50 my. 

v) BetyaAyevskiy and Ropnikov (1972) pointed out that a 4.8 km/sec layer of about 
2 km thick in the Japan Basin and a 3.3 to 4.2 km/sec layer of 3 to 4 km thick in the Tsu- 
shima Basin are correlative with the Paleogene and Cretaceous sediments in the Tatar 
Strait. In the Japan Sea Basins, Lupwice et al. (1975) observed the 3.5 km/sec layer and 
layer-2 (3.5 to 6.4 km/sec) beneath the Miocene pelagic sediments, and considered that 
the former represents a wide range of consolidated sediments and volcanics and the latter 
may be the result of discrete layering with either one-, two, or three-component layer. 
These observations indicate that the existence of the pre-Miocene sediments in the Japan 
Sea Basins is quite probable. 

vi) In the northern part of Kyushu, Japan, the Eocene to Oligocene sediments are 
mainly of non-marine and partly of marine origin. In the Eocene and Oligocene Taishu 
Group of T’sushima Islands and Katsumoto Group of Iki Island, northward paleocurrents 
were detected (NacAHama ef al., 1966; NAacAHAma, 1967). The paleocurrent data in- 
dicate that there existed already a large sedimentary basin approximately in the same 
position as the present Tsushima Basin during the Eocene to Oligocene. 

vii) Vasi’Ev and Marxevicu (1973) dredged sedimentary rocks with plant frag- 
ments from the Yamato Ridge, which were considered to be correlative with the Paleocene 
to Oligocene sediments of south Sikhote-Alin. From the same area, they also dredged 
basalts of 22 to 46 my in K-Ar age. The former is significant for interpretation of the 
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information mentioned in v) and vi). The latter is also an important evidence because 
the obtained ages are considerably older than those previously known from the Japan Sea 
floor (UENO et al., 1971) and of the lower Miocene volcanic rocks in the “Green Tuff 
Region.” 

The data mentioned in v), vi) and vii) suggest that the sedimentary basins were already 
formed in the Japan Sea region in Eocene and probably in Paleocene. 

vii) In the Japan Basin, undeformed sediments, probably of the Miocene to Holo- 
cene (Karic et al., 1975), cover the acoustic basement with rough topography. Lup- 
wic et al. (1975) concluded from seismic reflection studies that the Japan Sea might have 
existed essentially in its present form prior to the beginning of the “Green Tuff mevement” 
in the Miocene. 

Summerizing all of information mentioned above, there is a strong suggestion that the 
Japan Sea Basins formed during Paleogene, probably 60 or 50 my to 30 my, and only 
subsidence predominantly occurred thereafter. 


4. Major Strike-Slip Faults, and Their Role on the Drifting of Japanese Islands from the Asiatic 
Continent 


Most popular hypothesis on the origin of the Japan Sea is that the Japan Sea is a by- 
product of the southward drift of the Japanese Islands relative to the Asiatic continent. 
Regarding the southward drift of Japan, many investigators seem to agree with anti- 
clockwise rotation of Northeast Honshu, which occurred from 121 to 114 and from 100 to 
92 my, proposed by Kawat et al. (1961, 1969, 1971) on the basis of the paleomagnetic 
measurements of the Cretaceous granites. However, as already mentioned, the Japan 
Sea Basins might have formed during the Paleogene and not in the Cretaceous. Also, 
ENE-WSW trending magnetic lineations and hypothetical spreading centers which are 
sub-parallel to the structural trend of Southwest Japan have been mapped in the Japan 
Sea Basins (Isrzaxt and Uyepa, 1973; Isezaxt, 1975). This evidence seems to be in- 
consistent with the anti-clockwise rotation, which should be accompanied by fan-shaped 
magnetic lineations. On the contrary, the magnetic lineation patttern suggests that 
the western part of Japan has drifted southward without any remarkable rotation of North- 
east Honshu. The paleomagnetic data by Kawai and others are in need of re-examination 
in light of the recent knowledge on block tilting (Iro and Toxrepa, 1974, 1977) and hori- 
zontal rotation of granitic bodies after cooling by the left-lateral faults in Northeast Honshu 
mentioned in Section 2. 

The present authors pay attention to crustal condition of the circum-Japan Sea region 
at the time just before the formation of the Japan Sea, where many weak planes had been 
formed in the crust by the Cretaceous fault movements mentioned in Section 2. Regard- 
ing the southward drifting of the Japanese Islands, F-10 and F-19 are most important weak 
palnes. The former had already originated in the Cretaceous time as a left-lateral fault 
and was reactivated as a left-lateral fault before Miocene. The latter might have orig- 
inated in Cretaceous as a southern extension of F-22 and was reactivated as a large-scale 
right-lateral fault in the Paleogene time accompanied by the origination of F-20. The 
reactivation of these faults is nearly same time as the origination of the Japan Sea Basins. 
Therefore, it is reasonably concluded that the western part of the Japanese Islands has 
drifted southward, being bounded on the east mainly by the left-lateral fault of F-10 and 
on the west by the right-lateral fault of F-19, during the period from 60 or 50 to 30 my. 
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This mode of marginal sea formation is very similar to the “rhombochasm” by Carry 
(1958) and to the ideas of RopotFo (1969). 


‘ . 
5. Restoration of the Circum-Japan Sea Region, and the Tectonic History 


An attempt is made at restoration of the position of the Japanese Islands to the original 
state prior to the drifting of Southwest Japan. In the restoration, the displacement along 
faults is reversed, but folds are not smoothed out because insufficient data are available. 
The Asiatic continent is fixed. The Japan Sea region is closed to such an extent that the 
areas deeper than 2,000 m in water depth (probably with oceanic crust) become minimum 
and the areas shallower than 1,500 m do not overlap. The position of Japan in the Early 
Cretaceous is shown in Fig. 3, A. Sakhalin and the eastern half of Hokkaido are ten- 
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Fig. 3. Reconstruction of the circum-Japan Sea region at 120, 90, 50, and 40 my. Scatteringly dotted 
area; the area of 1,500-2,000 m deep at present. Densely dotted area; the area of overlap of fit. 
Black area; the area of unoverlap of fit. Hatched area; the gap closed by later crustal shortening. 
Thick line and dashed line; active and inactive fault, respectively, in the successive interval. 
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tatively fixed more eastward than the present location, so that they do not superposed on 
the western part of Hokkaido at the stage shown in Fig. 3, C. 

The Hida belt, including the Yamato Ridge, existed as a large tectonic landmass 
which extended southwestward and connected with the Ryeongnam massif of south Korea 
as inferred by Hurty et al. (1973). The Funatsu granites in the Hida belt are correlative 
with the Deabo granites in Korea (REEDMAN and Um, 1975). In the Sikhote-Alin region, 
the geosynclinal trough trended NE-SW and opened northeastward. The provenance 
of arkose sandstone older than the Middle Albian in the Sikhote-Alin region (BERSENEV, 
1971) is considered to be the Hida-Ryeongnam belt. Along the southern side of the Hida- 
Ryeongnam belt, there was a narrow trough in which mainly terrestrial and brackish 
sediments accumulated. In the western extension of the trough, the Lower Cretaceous 
Gyeongsang Supergroup in south Korea and Kanmon Group in the western end of the 
inner zone of Southwest Honshu were deposited in the same basin. The axial zone of 
Southwest Japan was also an uplifted zone, the eastern extention of which was connected 
with another uplifted zone, the NE-SW trending Abukuma-Kitakami uplift. This zone, 
having been situated more oceanward (Fig. 3, A), belonged originally to an unit different 
from the axial zone of Southwest Japan. The possible western extension of the Abukuma- 
Kitakami uplifted zone may correspond to the “Kuroshio paleoland”’ proposed by KisHu 
SHIMANTO REsEARCH Group (1968, 1970, 1975). In the area between the uplifted axial 
zone of Southwest Japan and the Abukuma-Kitakami-Kuroshio paleoland, the Shimanto 
geosynclinal trough was developed. Basalts in the Shimanto belt are abyssal tholeiite 
(Suupa et al., 1971; Sucisaxt et al., 1972), and the Lower Cretaceous volcanic rocks in 
the Kitakami belt belong to the high-alumina rock series (Sucisak1 et al., 1972; Kanisawa, 
1974). The distribution pattern of rare earth elements of basalts in the Shimanto belt 
belongs to solid-type, and that in the Kitakami belt belongs to liquid-type (TANaka, 1977). 
Accordingly, if the Shimanto geosynclinal trough was a kind of marginal sea as considered 
by Sucisaxtet al. (1971, 1972), Icutkawa et al. (1972), and Icu1KAwa (1975), the Kitakami- 
Abukuma-Kuroshio paleoland might be an island arc. 

Four stages of the tectonic movements can be distinguished in the circum-Japan Sea 
region during Early Cretaceous to Miocene. In Fig. 3, the restoration maps at 120, 90, 50, 
and 40 my are shown. Main geologic events are arrayed in Fig. 4. 

Ist stage (130 to 90 my). During the Hauterivian to Barremian, the Oshima Orogenic 
Movement (Kosayasut, 1941) occurred in the Kitakami and Abukuma belts. At the 
same time, the left-lateral faults originated and were followed by granitic intrusion (120 to 
110 my) in the Kitakami belt. After a short while, large-scale left-lateral movements 
along F-6, F-7, and F-10 and granitic igneous activity (90 to 100 my) occurred in the 
Abukuma belt. These NS trending faults suggest that the compressional stress in a NW- 
SE direction or simple shear stress along these faults predominated in Northeast Honshu. 
Soon after (90 to 75 my), the cusp structure of Kanto region was formed by the differential 
compression from south. 

In the inner zone of Southwest Japan, the post-Kanmon movement proceeded and 
was accompanied by left-lateral displacement along the NE-SW trending faults. Thrust- 
ing along F-14 might have occurred with resulting crustal shortening by few tens kilometers 
(Kojima, 1973). In the Sikhote-Alin region, terminal folding and left-lateral movements 
along F-21 and F-22 occurred. All of these tectonic movements in Southwest Japan and 
Sikhote-Alin regions resulted from intensive northward compression. The left-lateral 
displacement along NS to NNW-SSE and NE-SW to NNE-SSW trending faults sums to a 
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Fig. 4. Tectonic history of the circum-Japan Sea region and related plate motions. 


several hundreds kilometer north-northeastward movement of the western half of Hokkai- 
do. It is expected to have resulted in the subduction of the western half of Hokkaido 
beneath the eastern half of Hokkaido-Sakhalin (Fig. 3, A and B). This subduction might 
have been accompanied by the right-lateral movement along the consuming zone. 

2nd stage (90 to 50 or 60 my). Soon after the tectonic movements in the lst stage, very 
intense acidic volcano-plutonic igneous activities occurred in the inner zone of Southwest 
Japan, south Korea, and Sikhote-Alin regions, as well as in the Yamato Ridge and some 
other banks in the Japan Sea. In these regions, volcano-tectonic depressions were formed, 
and huge amounts of acidic pyroclastics filled them and covered the intensely folded base- 
ments with pronounced clino-unconformity. The acidic pyroclastics are scarcely folded 
in these regions, where compressional stress was no longer dominant. 

3rd stage (50 or 60 to 30 my). Acidic igneous activities declined in the late phase of 
the 2nd stage but continued into the early phase of the 3rd stage. Initial rifting may have 
occurred along the present continental slope on the continental side being accompanied 
by a few degrees anti-clockwise rotation of the Japanese Islands (Fig. 3, C). 

Next, southward drift of the western part of Japan came to its climax. The drifting 
part was bounded on the west by F-19 and on the east mainly by F-10. F-20 was formed 
as a right-lateral fault during this stage. With the progress of southward drifting of South- 
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west Japan, the Japan Sea Basins opened behind it (Fig. 3, D). Some small-scale spread- 
ing centers may have originated at the locations as proposed by Isezax1 (L975) Acidic 
igneous activity was converted into basic activity, resulting in the formation of oceanic 
crust. A narrow trough was formed between south Korea and Kyushu, through which 
clastic sediments were transported into the Japan Sea Basins. In the early stage of the 
spreading in the Japan Sea Basins, a non-marine environment was predominant as in- 
dicated by the Paleogene sediments dredged from the Yamato Ridge with many plant 
fragments (VasiL’Ev and Marxevicn, 1973). The cusp structure in the Kanto region may 
have been slightly exaggerated by southward drifting. As a result of the southward drift 
of Japanese Islands, crustal stretching may be expected between the western and eastern 
parts of Hokkaido (Fig. 3, D). 

4th stage (30my— ). Atabout 30 my, southward drifting and spreading in the Japan 
Sea region ceased and another type of tectonic movement (“Green Tuff Movement”) 
began with voilent andesitic volcanism along the Japan Sea side of the Japanese Islands. 
The Japan Sea floor was subsiding continuously, accompanied by the accumulation of 
thick pelagic sediments and turbidites. The Neogene formations in the inner side of the 
Japanese Islands and on the Japan Sea continental slope were intensely deformed during 
the Late Miocene to Quaternary. But in the Japan Sea Basins, neither notable folding 
nor faulting has occurred since Miocene. 


6. The Configuration and Kinematics of Oceanic Plates Suggested by the Tectonic History of the 
Continental Margin 


The above-mentioned tectonic history in the circum-Japan Sea region leads us to the 
better understanding on the configuration and kinematics of the oceanic plates in the Pacific 
ocean (Figs. 3 and 4). 

i) The characteristics of folds and faults in Sikhote-Alin and Southwest Japan 
strongly suggest a NS to NNW-SSE compressional stress field during the Early to Middle 
Cretaceous. The same stress field was obtained by Mizurani and Kanaori (1976), 
who studied it in Central Honshu by means of fault analysis. Intense compression is 
consistent with the moving direction of the Kula and Tethys plates, and corresponds to 
the “pulse” suggested by Larson and Pitman (1972). 

ii) Attention should be paid to the cusp structure of the Kanto region, which was 
concluded by Hara et al. (1977) to have been formed by differential compression from 
the south. Voer et al. (1975) suggested that cusp structures are formed by subduction 
of aseismic ridges, oceanic plateau or seamount chains. Marsupa (1976, 1978) proposed 
that something like a seamount chain existed somewhere about the present Izu-Bonin arc 
and was subducted beneath the Kanto region since the Middle Cretaceous. 

iii) Hype et al. (1977) mapped transform faults trending in NNW-SSE in the western 
Pacific region. The most important fault among them is postulated to have been located 
in nearly the same position as the present Kyushu-Palau Ridge. It separated the Tethys 
and Australo-Antarctic plates from the Kula and Pacific plates. ‘They also suggested 
that the Kula plate might have moved north considerably faster than the Tethys plate due 
to the combined velocities of spreading from the ridges to the north and south of the Pacific 
plate. If their assumption is acceptable, the subduction of this peculiar transform fault 
might have induced intense simple shear stress in the continental margin that could cause 
large-scale NS to NNW-SSE trending left-lateral faults. According to Hixpe et al. (1977), 
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this peculiar transform fault might have been subducted beneath Kyushu. But no such 
fault is found there. Concerning the location of the transform fault, Hilde e¢ al. followed 
the idea of Uyepa and Ben-Avrauam (1972) and Uyepa and Mryasuiro (1974), who 
assumed that the present Kyushu-Palau Ridge was a western half of the arc which was 
formed by the conversion of the transform fault into a subduction zone. The eastern 
half of this arc corresponds to the Izu-Mariana arc system which later drifted eastward 
away from the Kyushu-Palau Ridge by the process proposed by Karic (1971la, b). How- 
ever, this idea takes no account of the land-based evidence. The authors prefer to propose 
another story as follows. 

This peculiar transform fault was located along the present Izu-Bonin arc and has 
been subducted beneath the Kanto region since the Middle Cretaceous (Matsupa, 1976, 
1978). It is quite probable that, unlike the other commom transform faults, the trans- 
form fault was accompanied by a seamount chain on it, because it was active not only 
along the segment between the Tethys and Pacific-Phoenix ridges but also along the seg- 
ment to the north of the Kula-Pacific ridge. Subduction of the transform fault crested 
by a seamount chain must have formed the cusp structure of the Kanto region. 

iv) The left-lateral faults developed mainly in Northeast Honshu (F-1-4, 6, 7, 10) 
have slightly different directions from those in Southwest Japan and Sikhote-Alin though 
they originated at nearly the same time. This fact suggests that somewhat different stress 
field prevailed in Northeast Honshu: i.e. either NW-SE trending compression or simple 
shear stress parallel to the faults. The former is not consistent with the moving direction 
of the Pacific plate calculated by Larson and Pirman (1972), and the latter is preferably 
accepted. As mentioned already, the subduction of the peculiar transform fault must 
have induced simple shear stress toward the continental side. If the transform fault was 
moving with a westward component at | cm/year before it arrived at the position of the 
present Izu-Bonin arc, it must have been located off the Kitakami massif and subducted 
beneath it at about 120 my. The simple shear force induced by the subduction of the 
peculiar transform fault caused the NNW-SSE trending left-lateral faults in the Kitakami 
belt. Nearly the same time, the subducted Kula-Pacific ridge produced the intermediate 
to acidic volcanics (Valanginian to Hauterivian) and granitic rocks of 110 to 120 my in the 
Kitakami belt. 

At about 100 my, the transform fault arrived off the Abukuma massif, and formed 
F-6, F-7, and F-10 one after another from east to west. Nearly the same time granitic ac- 
tivity was produced in the Abukuma belt by subduction of the western fragment of the 
Kula-Pacific ridge which was left-laterally shifted by another transform fault (Fig. 3, A). 

At about 90 my, the peculiar transform fault arrived at the present Izu-Bonin arc. 
Subduction of the seamount chain on it formed F-11-13 and the Kanto cusp structure. 
Simple shear force was no longer induced, because the Kula-Pacific ridge had already 
been subducted. These events are shown in Fig. 3, A and B and Fig. 4. 

v) A zone of high positive magnetic anomaly is observed along the area off North- 
east Japan landward of the Japan trench. SEGawa and Osuima (1975) proposed the idea 
that this magnetic anomaly belt is due to the buried Mesozoic volcanic-plutonic front. 
The present authors suggest that the anomaly may be caused by the fragments of the 
seamount chain on the peculiar transform fault which were left behind on the continental 
side of the paleo-Japan trench as it subducted. 

vi) Uyepa and Mryasuiro (1974) thought that the descent of the Kula-Pacific ridge 
produced the Cretaceous acidic magmatism of east Asia. The present authors consider 
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that the Cretaceous magmatism in Northeast Honshu was due to the descent of the Kula- 
Pacific ridge, and that the Late Cretaceous to Paleogene acidic magmatism in Southwest 
Japan, Korea and Sikhote-Alin regions was caused by the subduction of the Tethys ridge. 
The subduction of the different oceanic ridges might have resulted in some chemical and 
mineralogical differences in granitic rocks between the areas to the west and east of the 
Tanakura shear zone. 


vii) As mentioned already, the peculiar transform fault has been located at about 
the same position as the present Izu-Bonin arc about 90 my. If the Shikoku and Parece 
Vela Basins were formed by rifting, as inferred by many investigators, the Kyushu-Palau 
ridge must have drifted westward apart from Izu-Mariana arc system. 


The authors thank Prof. N. Kitamura, Prof. H. Nakagawa, and Prof. K. Mori of Tohoku University for 
kindly going through the manuscript. The authors are indebted to our colleagues in our institute for useful 
discussions. 
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Definite spatial and temporal relations were found between large interplate earth- 
quakes and eruptive activities along the arc systems in the northwestern Pacific margin; 
Kurile-Kamchatka and Japan areas. A major pattern of the relation between both phenom- 
ena reveals that eruptive activity increases during the preseismic stage to the landward 
of the rupture zone in the direction parallel to the convergent plate motion. Increased 
eruptive activity had occurred from between 2 to 27 years prior to the large earthquakes. 
The volcanoes usually cease their activities and sometimes decrease them after seismicity. 
The intense activity generally migrates to adjacent areas, namely to the landward extension 
of seismicity gaps. ‘These observations suggest that the eruptive activity is strongly in- 
fluenced by regional tectonic stresses, and that the accumulated crustal strain may squeeze 
up magmas. Support for this conclusion was obtained by observing the level change of 
the magma head at Mihara-yama in Oshima Volcano, Japan. Some of the volcanoes also 
erupted immediately after the large earthquakes. One explanation for the post-shock 
eruption may be provided by considering the possible effect of seismic shocks on the catas- 
trophic seismic events. This study may provide an important key for predicting large 
interplate earthquakes and major eruptions in the arc areas. 


1. Introduction 

It is a widely accepted idea that most large, shallow earthquakes along island arcs 
result from a fault motion across the zone of contact between the overthrust and the under- 
thrust plates of the lithosphere. ‘Tectonic strain accumulates in the lithosphere in the 
preseismic stage and is released by the shock. Nakamura (1975) suggests that contrac- 
tional strain generated by regional crustal stresses around the magma reservoir can squeeze 
up of magma within an open conduit, causing a summit eruption on one hand and the 
formation of dike resulting in flank eruptions through the increase of pore pressure on 
the other hand. If the eruptions are influenced by regional tectonic stresses causing earth- 
quakes, some spatial and temporal relationships between large interplate earthquakes and 
eruptions can be expected along the island arc systems. In this paper an attempt is made 
to correlate these events by, from a different angle, looking at the recent data of eruptive 
activity and seismicity along the typical subduction zone of the northwestern Pacific margin 
extending from the Kurile-Kamchatka to the northeastern Japan areas. Also the Izu- 


Bonin area is discussed. 
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2. Previous Works 


A number of researchers have pointed out the relationships that existed between 
eruptive activity and seismicity since early times. MacGrecor (1949), for instance, 
inferring from statistical studies, suggests that a temporal relation exists between the local 
seismicity and volcanic eruptions in the Caribbean volcanic arc. Such local seismicity was 
thought to be directly involved in volcanisms. Through his studies around the Japanese 
and New Hebrides areas, BLor (1965, 1972) shows that the deep seismicity migrates from 
a greater depth to a shallower one and finally results in volcanic eruptions (Blot process). 
On the basis of statistical and worldwide studies, LATTER (1971) states that Blot process 
would probably be a second phenomenon and that the relationship would be primarily 
the correlated sequence of seismic and volcanic events resulting from periods of tectonic 
instability and perhaps increased tensional conditions which affect very wide areas of 
the earth’s surface for periods of several months to several years at a time. On the other 
hand, many scientists have pointed out that there exists some physical relation between 
volcanic activity and tectonic seismicity (e.g., Tokarev, 1971; Yokoyama, 1971; 
Kaminuma, 1973). 

In recent years, observers have noticed that major eruptions of Oshima Volcano, 
which stands on the Philippine Sea Plate, occurred in the period preceding the great Kanto 
earthquake of 1923 (Ms=8.2) and Boso-Oki earthquake of 1953 (Ms=8.3). Although 
one can’t be sure what a physical mechanism connects the volcanic eruptions with the large 
earthquakes, the remarkable correlation suggests that they are largely governed by a 
common physical processes (NAKAMURA, 1971, 1975; KaANAmori, 1972; Kimura, 1973, 
1976) 


Jae Data 


3.1 Eruptive activity 

The areas treated in the present paper were selected primarily on the basis of available 
data. The scientific study of volcanoes has veen carried out since the eighteenth century 
in kamchatka (TomxKeterr, 1949; Fedotov, personal communication, 1976) and since the 
end of the nineteenth century in Japan (Suwa, 1970). Data is based on eruptions 
occurring in the Kurile-Kamchatka from 1880 to 1976 and in the northeastern Japan 
from 1880 to 1977. The term ‘active volcano’ used in this paper refers to a volcano 
which has erupted during the present century. 

The data on eruptions discussed here were taken from the following sources: (1) 
the Catalogue of the Active Volcano of the WorldIn cluding Solfatara Firlds, [AVCEI (International 
Association of Volcanology and Chemistry of the Earth’s Interior); (2) the Bulletin of Vol- 
canic Eruption, Volcanological Society of Japan, IAVCEI; (3) the Event Information Reports, 
Center for Short-lived Phenomena, Smithonian Institution; (4) the List of the World Active 
Volcanoes, Special Issue of Bulletin of Volcanic Eruption; (5) Science Almanac (Rikanempyo), 
Tokyo Astronomical Observatory; (6) published papers on volcanic eruptive activities. 


3.2 Seismicity 

Large interplate earthquakes (MM or Ms>7.7) are treated. Estimates of the rupture 
zones of large interplate earthquakes were taken from the papers by KELLEHER et al. (1973) 
for the Kurile-Kamchatka area and by Seno (1977a, 1978) for the northeastern Japan 
area. ‘These are supplemented by the reestimations of McCann (personal communication, 
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1976) for the Kurile-Kamchatka. Special attention is given to the determination of rup- 
ture zones of the large interplate earthquakes discussed in Seno’s detailed reestimations. 
The mechanism of many of these earthquakes suggests low-angle thrust faulting and of 
others suggest strike slip faulting which is consistent with the motion along the circum 
Pacific belt. In addition to these, the paper will also make a comparison with large 
intraplate earthquake along the trench; the 1933 Sanriku earthquake (M=8.3). The 
average values of the directions of the slip vector between underthrusting oceanic 
lithosphere and the overthrusting continental one were used as N70°W along the Japan 
trench and as N60°W along the Kurile trench (SENo, 1978). 


4. Data Analysis 


The volcano has both its own specific active stages, characterized generally by major 
eruptions and also dormant stages. The major eruption is generally characterized by 
great intensity of eruption or by lava-flows. In general such major eruptions may last from 
several weeks to several hundred days (Nakamura, 1978), but an active stage may continue 
for more than several years depending on the volcano. Therefore, the author took ten 
year intervals for assessing the degree of eruptive activity. 

A pattern was designed to represent regional eruptive activities. The author defined 
the degree of the eruptive activities by the following four grades. Grade 4 is defined by 
the occurrence of a ‘great’ eruption or another significant eruption accompanied with 
lava-flows for a period of 10 years (most active). Grade 3 is assigned if there occur 
‘medium’ or ‘small’ eruptions for more than 2 years in total during a period of 10 years 
(more active). Grade 2 is assigned if there occurs small to medium eruption for a period 
of 10 years. Grade | is assigned if there occur no eruptions for a period of 10 years. 

Determination of the magnitude of eruption is based on the category of which 
IAVCEI classifies intensity of eruption into three: little (small) (1), medium (m) and 
great (g) depending on the volume of erupted material as the follows. (1)<1 x 107 m3, 
(m) =1 « 104-107 m3, (g)>1 107 m3. The volume of erupted material, however, were 
not well estimated in eruptions before 1950 and in volcanoes located in unpopulated or 
sparsely populated areas. ‘Therefore it has been difficult to make an balanced comparison 
of eruptive activity in an extensive region by using the intensity classification only. 

Eruptions accompanying lava-flows are included during a major eruptive activity 
in general, so they are included in Grade 4 even if the intensity is ‘medium.’ Thus, 
significant eruption accompanied by lava-flows or the formation of lava domes are treated 
as having the same rank in cases in which the magnitude of eruption can not be estimated 
in old eruptions or in volcanoes isolated from a population. 

The spatial and temporal relationship between eruptive activity and seismicity is 
shown in diagram (e.g., Figs. 1 and 2). Equal grades of activity are shown by contours 
(Fig. 2). Volcanoes are set from north to south along axis perpendicular to the direction 
of the relative slip vector between plates at the ordinate in the figure. ‘The interval 
between volcanoes does not show the real distances because this study emphasizes the 
relationship between the visual phenomena on eruptive activity and interplate seismicity ; 
the area between volcanoes are not discussed in this paper. The shape of these contours 
varies according to the way how one takes the time interval, therefore a detailed discussion 
of the comparison for the shape of contours is meaningless, but it is valid to discuss long- 


term variation of eruptive activity in broad areas. 
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Fig. 1. The spatial distribution of active volcanoes (closed triangle) and 
rupture zones of large interplate earthquakes in the Kurile-Kamchatka 
area. The reference numbers of active volcanoes are common with 
those in Fig. 2 and they were taken from the Catalogue of the Active Volcano 
of the World Including Solfatara Fields. The arrows show the direction of 
the slip vector between the oceanic and continental plates. Distri- 
bution of the rupture zones was mostly taken from KELLEHER ¢¢ al. 
(1973). In preparation of this figure assistance was given by W. Mc- 
Cann. 

Fig. 2. Relationship between eruptive activity and large interplate earth- 
quakes in the Kurile-Kamchatka area. The numbers put in the left 
column. represent volcanoes shown in Fig. 1. Rhombic symbols repre- 
sent volcanoes having volcano observatories. The contoured dark 
areas represent eruptive activity of Grade 4, hatched areas Grade 3, 
stippled areas Grade 2 and blank areas Grade 1. The thick bars show 
the large earthquakes. Two thin broken lines show older earthquakes 
of 1904 and 1923 events and others are ones of which rupture zones 
have not been determined. The magnitude is shown in the parenthesis. 


Elongation of the rupture zone along the axis perpendicular to the direction of the 
relative slip vector is projected to the volcanic zone parallel to the direction of relative 
slip vector between plates. And the elongation of the bar in the figure represents how 
many volcanoes the rupture zone includes in the direction of the relative slip vector. 
Therefore the lengths of the bars do not show the real length of the rupture zones. 
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5. Results 


5.1 Kurile-Kamchatka 

Eight rupture zones of large earthquakes were determined in the Kurile-Kamchatka 
area (Fig. 1). ‘Two seismicity gaps are recognized in the areas between the ruptures of 
1952 and 1963 events, and between those of 1952 and 1971. Increased eruptive activity 
prior to the six shocks is seen in the landward areas of four rupture zones: except two events 
of 1904 and 1969 (Fig. 2). Eruptive activity decreases after the shocks. 

Significant activity prior to the 1971 shock (MM==7.7) was recorded in the three vol- 
canoes along the northern Kamchatka Peninsula: Sheveluch (10, 0-27), Kliuchevskoi 
(10, 0-26) and Bezymiany (10, 0-25). These three volcanoes shown in Fig. 1 appear not 
to be in the direction of slip vector; however, it is possible that the rupture zone extends to 
the south as shown by KELLEHER ¢f al. (1973). The southern neighbouring volcano Plosky 
Tolbachik (10, 0-24), which stands in the area landward of the seismicity gap has shown 
significant eruption since 1975 after the shock of 1971. Eleven volcanoes had increased 
their activities since the 25 years prior to the 1952 shock. Avachinsky (10, 0-1) and Alaid 
9-39) especially showed significant eruptions. A new impetus towards the studies of 
Kamchatka volcanoes was provided by the eruption of Avachinsky during 1926-27. This 
eruption prompted the Geological Committee and the Academy of Sciences of the U.S.S.R. 
to organize a systematic study of Kamchatka volcanoes (TomxkelerF, 1949). Then the 
eruption of 1937-38 was investigated in detail. Three powerful eruptions with lava- 
flows occurred in 1938. A great amount of andesitic ash was ejected as a result of strong 
explosive eruption on February 25, 1945. A new island called Taketomi, was born during 
the eruption of 1933-34 near Alaid Volcano. Later, the island was connected to the main 
island by a sand bar. As the main summary pattern shows, the eruptive activity land- 
ward of the rupture zones had increased prior to the great shocks in the Kurile-Kamchatka 
area, and after those shocks eruptive activity had increased in the vicinity of the landward 
extensional areas of seismicity gaps. And then great earthquakes occurred in those gaps. 
Spatial migration of the pattern of eruptive activity was consistent with that of seismicity. 

There also exists another pattern. Volcanoes, Tiatia (9-3) and Karymsky (10, 0-13) 
erupted after the shock of 1959 (M=8.2) and of 1969 (M=7.8), respectively. 


5.2 Northeastern Japan 

Seno (1978) divided the northeastern Japan into some provinces of which the bound- 
aries are parallel to the relative slip vector of plates and are located between rupture 
zones of large interplate earthquakes (M or Ms>7.7) since 1938 event (Fig. 3). Rupture 
zones of large interplate earthquakes during 1880-1937 are also largely located in those 
provinces. 

Nine rupture zones of interplate earthquakes have been determined since 1880 in the 
northeastern Japan including the southern Kanto region. Marked correlation between 
eruptive activity and seismicity are seen in this area, too (Fig. 4). But one can find a 
somewhat different pattern from that of the Kurile-Kamchatka area by a careful 
inspection of the figures. At first glance, the distribution pattern of the rupture zones in 
the northeastern Japan is more complicated and each rupture zone is smaller than that 
in the Kurile-Kamchatka area, and that the rupture zones are located farther from 
volcanoes than in the Kurile-Kamchatka area. 
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Fig. 3. The spatial distribution of active volcanoes (triangle) in the northeastern Japan 
during the period between 1880 to 1977. The shaded areas show the rupture zones of 
the large interplate earthquakes during the period, and the land area is divided into 
zone six along the lines parallel to the direction of the slip vectors of the interplate 
earthquakes (SENo, 1977a, 1978). Open circles drawn by broken lines show older 
rupture zones of large interplate earthquakes. The open circle with the solid line shows 
the 1933 Sanriku earthquake. Arrows represent the directions of slip vectors between 
plates. JT, Japan trench; ST, Sagami trough; ER, Eurasian Plate; PH, Philippine 
Sea Plate; PC, Pacific Plate; A, Aburatsubo; O, Oshima Volcano. 

Fig. 4. Relationship between eruptive activity and the large interplate earthquakes (thick 
bar) in the northeastern Japan. The thin bar indicates intraplate shock. Pattern 
symbols are common with those of Fig. 2. 


As a result, four out of the nine events were accompanied with eruptive activity of 
Grade 4, from 3 to 16 years before the great events in preseismic stages. The remaining 
five shocks may be regarded as showing eruptive increases in preseismic stages although 
activity is lower than Grade 4. Events showing eruptive activity of Grade 4 succeeded by 
the large interplate earthquakes are as follows: Mt. Usu (8, 5-3) erupted in 1944 and 1945, 
forming new volcanic mountain Showa-shinzan. Then the Tokachi-Oki earthquake of 
Ms=8.3 occurred in 1952. Then eruptive activity increase shifted to both areas, north 
and south from Usu Volcano. At north, Tokachi (8, 5-5) showed strong eruption in 1962 
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and then the Nemuro-Oki earthquake of Ms=7.7 occurred in 1973. In the south, there 
occurred no major eruptions, but eruptive activity of Akita-yake-yama (8, 3-26) increased, 
and then the Tokachi-Oki earthquake of Ms=7.9 occurred in 1968. After the shock, 
eruptive activity increased at the neighbouring areas of the rupture zone: the major erup- 
tions of Mt. Usu in the north and Akita-komaga-take in the south. A major eruption 
occurred at Asama (8, 3-11) in 1913 when the bottom-floor of the summit crater rose up, 
and then the great Kanto earthquake occurred in 1923. The Boso-Oki earthquake was 
followed from the significant eruption of Asama Volcano in 1950 when the bottom-floor 
of the crater also rose up. 

Evidence below Grade 4 in eruptive activity shows the relation between eruptive 
activity and seismicity as follows. The increased activity of Siretoko-iwo-zan (8, 5-9) 
and Tokati succeeded the large shock of 1894 (A74=7.9). Then an increase in the eruptive 
activity of Komaga-take (8, 5-2) and Akita-yake-yama occurred prior to the 1896 shock 
(M=7.7). An increase in the eruptive activity of Akita-komaga-take (8, 3-23) occurred 
following the 1897 shock. A new fault was generated at the 1897 shock at Akita- 
komaga-take. Eruptive activity increased at Zao (8, 3-19) resulting in the large shock of 
the 1938 Fukushima-Oki earthquake (Ms=7.8). 

In 1929 the great eruption of Komaga-take occurred succeeding the 1933 Sanriku 
earthquake of M=8.3. This eruption may have brought on the 1933 Sanriku earthquake, 
though it is not an interplate event and is regarded as a normal fault type of a great intra- 
plate shock in the oceanic lithosphere (KANAmoRI, 1971). 

In summary, a tendency occurs showing that eruptive activity increases prior to large 
interplate earthquakes and that the increased eruptive activity migrates to adjacent areas, 
in the northeastern Japan as well as in the Kurile-Kamchatka area. 


6. Summary and Discussions 


In total, seventeen large interplate earthquakes were treated in the northwestern 
Pacific marginal region from the Kamchatka via Kurile to the northeastern Japan. 
Mostly all the events showed specific spatial and temporal correlation with volcanic 
activity. The correlation for these events are divided into three patterns according to 
the preseismic or postseismic events. 

In the first case—as the main pattern in the studied area—the following regularity 
is found. Eruptive activity in the vicinity of a landward direction to a rupture zone in- 
creased prior to a large interplate earthquake. The direction is roughly parallel to that 
of slip vector between the oceanic lithosphere and the continental lithosphere. Activity 
usually ceased after the shock. However, activity usually increases in the adjacent areas 
behind the seismicity gaps after the shock. This was the case in fifteen out of the seven- 
teen events (88%). The time of increasing eruptive activity preceding the shocks varies 
from 2 to 27 years depending on the kind of the shocks (Table 1). Most of these shocks 
were thrust type, interplate earthquakes. 

The second case indicates the increase of eruptive activity following the shocks over 
the long-term. In general, increases in eruptive activity after the shock occur in the vicin- 
ity neighbouring the area landward of the rupture zone and parallel to the direction of 
However, some cases show increased eruptive activity just landward of 


the slip vector. 
Such cases have deen seen in the 1923, 1959 and 1969 shocks in the 


the rupture zones. 
Kurile-Kamchatka. 
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In addition to the long-term correlations described so far in this paper, some short- 
term relationships may be recognized between eruptions and interplate earthquakes. 
That is, some eruptions occur at almost the same time with the shocks, usually immediately 
after them (Table 2). In ‘the Kurile-Kamchatka area some volcanoes erupted in the same 
year as the shocks of 1952. Two volcanoes in the vicinity of the southern end of the land- 
ward area erupted in the same year as the 1952 shock. It is impressive that one of them, 
Karpinsky (9-35), exploded in November 5, 1952, just a day after the shock on November 
4, 1952; its only eruption record in history. Another volcano, Krenitzyn (9-31), erupted 
in the vicinity of the southern edge of the rupture zone. Its eruption, too, was the first 
and only one up to the present time. A major eruption causing a lava-dome started 
on November 12, 1952, a week after the 1952 shock. Two other volcanoes erupted in 
the vicinity of the northern edge of the rupture zone of the 1952 shock, though they do 
not seem to be major eruptions. In the northeastern Japan, a few volcanoes erupted im- 
mediately after the shocks. For example, following the earthquake on March 22, 1894, 
Tarumai (8, 5-4) erupted on October 17, 1894. We found that most of the example oc- 
curred in the vicinity at the edge of the landward areas of the rupture zones. Figure 5 
shows the short-term, time-space relationship between large interplate earthquakes and 
postseismic eruptions. This shows that the volcano nearest the rupture zone erupted after 
seismicity in earlier time and the farthest one erupted at a later time. This suggests that 
there exists tectonic relation between both phenomena. ‘This means that the eruptions 
which occurred just after the large interplate earthquakes, may, theoretically, be explained 
in the following way: the magma chamber is instantaneously compressed by the seismic 
wave, and as the inner pressure of the conduit increases, the magma is squeezed up to 
erupt when the magma chamber has reached the critical condition for eruption. 

A long-term relationship between eruptions and large interplate earthquakes can also 
be observed in other areas, such as at Izu-Bonin. Data, however, are less reliable in that 
area where many volcanoes are located far from the main land and many of these under 
water. Also, the shock areas of the earthquakes have not yet been fully determined. A 
great but deep earthquake with a magnitude of 7.9 occurred in the northern area in 1907. 
The rupture zone has not yet been fully inspected, but the landward terrain of the shock 
area Clearly covers at least two volcanoes, Bayonnaise Rocks and Tori-sima. Before the 
shock, a new volcanic island was born in the 1896 eruption in the vicinity of Bayonnaise 
Rocks, and then a violent eruption took place at Tori-sima that destroyed the central 
summit and killed 125 persons in 1902. Five years after that eruption, in 1907, a great 
shock occurred, then the eruptive activity in the area ceased. In 1933, a deep and great 
earthquake of M=8.0 occurred again in that vicinity. In this case, Tori-sima erupted 
severely, causing lava to flow after the shock. As a result, a new summit was formed in 
1939, 6 years after the shock. Subsequently, the new volcanic island Myojinsho was 
formed during 1946-53 around Bayonnaise Rocks from the eruption. After that, activity 
in the area decreased. Activity has again increased around Bayonnaise Rocks since 1970. 
In addition to that, new activity has occurred near the Bonin Islands. Nishinoshima-shinto, 
as it has been named, was formed by the eruption during 1973-74. A deep but great 
earthquake with a magnitude of 7.8 occurred in the vicinity of those volcanoes on March 
7, 1978. A correlation between the shock and volcanic activity in the vicinity had been 
expected. 

The existence of long-term correlation between eruptive activity and large interplate 
seismicity has been recognized around Pacific areas by the author (Kimura, 1978a,b). 
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Fig. 5. The post-shock eruption showing short-term 
relation to large interplate earthquakes. The 
rhombic symbols represent volcanoes in the Kurile- 
Kamchatka and the circle does those in the north- 
eastern Japan, and the closed symbols show major 
eruptions and the open ones ordinary eruptions. 
The length of the bar shows the range of the error. 
Data were taken from Table 2. The ordinate rep- 
resents the time interval from an eruption to an 
earthquake, and the abscissa does distance from 
the volcano to the concerned rupture zone. 


For a long period, observations have been made in the vicinity of the Sagami trough area. 
Previous workers have already suggested a strong correlation between major eruptions of 
Oshima Volcano and the large interplate earthquakes along the trough (NAKAMURA, 
1971; Kanamori, 1972; Kimura, 1973). Indeed, 11 years prior to the shock of the 
1923 great Kanto earthquake, the bottom-floor (basaltic magma head) of the Mihara-yama’s 
summit crater in Oshima Volcano rose more than 400 m, and a great eruption took place 
in Mihara-yama during 1912-14. Since then the bottom of the crater had remained at 
the high level and then went rapidly down after the shock of 1923. A similar change took 
place at the crater bottom at the time of the 1953 Boso-Oki earthquake (NAKAMURA, 
1971). Both shocks occurred along the Sagami trough, which is considered to be the 
boundary between two plates: the Philippine Sea and Eurasian Plates (Fig. 3). Com- 
paring the level change of the magma head with the vertical crustal movement at Abura- 
tsubo facing the Sagami trough shows that the magma rose when the crustal strain ac- 
cumulation was as its maximum. In another words, the long-term level change of the 
bottom is inversely correlated with that of the land of Aburatsubo located on the continental 
side of the trough (Kimura, 1976). These findings suggest that the increased compressional 
crustal stresses caused by the convergent Philippine Sea Plate squeeze up the magma be- 
neath Mihara-yama until an interplate large earthquake occurs to release the strain along 
the trough. In 1974 the authors observed a 100-m elevation of the crater-floor of Mihara- 
yama (Kimura and Toyopa, 1975). This implies that strain was accumulating there 
after the 1953 Boso-Oki earthquake. 

Figure 6 shows the long-term relationship between eruptions and earthquakes in the 
Kurile-Kamchatka and in northeastern Japan. The most significant eruption was 
chosen as an indicator of increased eruptive activity preceding a large interplate earth- 
quake. Here again we can see a fairly good time-space correlation. ‘The figure reveals 
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Fig. 6. Eruptions which preceded to the large inter- 
plate earthquakes in the northwestern Pacific margin. 
Period shown by years (ordinate) is the interval from 
the starting time of concerned eruptive activity in- 
crease to the occurrence of the large earthquake. 
Distance shown by kilometers (abscissa) is from the 
rupture zone to the volcano. Closed rhombuses and 
circles show the major eruptions and open ones 
ordinary ones. Data were taken from Table 1. 
* 1933 Sanriku earthquake. 


that when a shock area is located close to a volcano, significant eruptive activity starts 
early, and when the shock area is farther from the volcano, it starts later. For example, 
many volcanoes started their major activities between the 12th and 27th year (at the average 
of the 23rd year) prior to the typical great earthquakes in the Kurile-Kamchatka. On the 
contrary, many cases show that eruptive activity increases started between the 2nd and 20th 
year (at the average of the 12th year) prior to the shocks in the northeastern Japan. Such 
difference may be explained by the fact that the seismicity rupture zones are closer to the 
concerned volcanoes in the Kurile-Kamchatka than those in the northeastern Japan. If 
the stress concentration starts at the proposed future rupture zone, then it migrates toward 
the inside of the continental lithosphere. If this is true, the variation of time-interval 
from an eruption to an earthquake shows the difference of the migration time of com- 
pressive crustal strain from the proposed rupture zone to the volcano. For example, if the 
volcano is located close to the proposed rupture zone, the needed strain will accumulate in 
a shorter time. Consequently the major eruption will occur at an earlier time. Therefore, 
this evidence suggests a tectonical relation between eruptions and earthquakes in the 
arcs. 

Based on the volcanological and seismological data, it has been suggested that the 
volcanic frontal areas of island arcs in the northwestern Pacific margin are under horizontal 
compressive stresses in the direction of plate convergence (NAKAMURA, 1977; NAKAMURA 
et al., 1977). Furthermore, it has been said that such features as a distribution of preseismic 
and postseismic activities are present which correspond to a mode of strain accumulation 
in the land area in the southwestern Japan; i.e., the area contracts toward the landward 
direction of the rupture zone in the direction of the plate motion during the interseismic 
event (SENO, 1977b). Intraplate earthquakes of a magnitude of 6 or greater started to 
increase from about 50 years before the occurrence of large interplate earthquakes in the 
continental lithosphere landward of the rupture zones in the northeastern Japan (SENO, 
1978). The long-term distribution of the eruptive activity in the preseismic stages in the 
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northwestern Pacific margin is consistent with the mode of occurrence of interplate earth- 
quakes in Japan. The contractional strain accumulated during long periods preceeding 
large interplate earthquakes can cause the squeezing up of magmas and increased eruptive 
activity in the arcs. The compressive strain will be released by large interplate earthquakes. 
The eruptive activity ceases or remarkably decreases after the events, due to the stress drop 
in the continental lithosphere. Increased eruptive activity in the vicinity of the seismicity 
gaps may be explained by increased crustal contractional stresses after the large earth- 
quakes. Eruptions of Mt. Usu since 1977 may be due to the contractional stress concen- 
tration after the 1968 and 1973 shocks in the northeastern Japan. Akita-komaga-take 
and Tyokai (8, 3-22) also showed significant eruptions after the large shock of the 1968 
Sanriku earthquake. 

It is also true that some volcanoes erupt after large earthquakes. In the future, detailed 
research is needed to see if it is possible to explain such an occurrence in terms of 
the distribution of tectonic stresses that depend on the geographical locations of both events. 
And the findings of definite relationship between eruptions and earthquakes will be valid 
for predicting major eruptions and large interplate earthquakes along arcs. 


7. Conclusions 


1) There are three significant patterns showing a relationship between eruptive 
activities and the large interplate earthquakes in the northwestern Pacific margin. The 
first is a long-term relationship showing that eruptive activity increases in the preseismic 
stages of large earthquakes in directional areas parallel to the relative slip vector of oceanic 
lithosphere, landward of the shock areas. ‘The increase in eruptive activities bigins in an 
average of about 10 years in the northeastern Japan and in an average of about 20 years 
in the Kurile-Kamchatka prior to the seismicity. This is the main pattern in the arc areas. 
In most instances, this case shows that the activity increase occurs at the adjacent areas 
landward of the seismicity gaps. 

2) The second also shows that in the long-term relationship between volcanism and 
seismicity eruptive activity increases after the shocks, in a few cases. This is the second 
significant pattern. 

3) The third pattern reveals that specific eruptions, which usually are not major 
ones, occur immediately after the shocks, mostly within a year. One explanation for the 
postseismic eruptions may be provided by the seismic shocks. 

4) The major patterns in the long periods are regarded as reflecting the distribution 
of regionally accumulated crustal strain which may be generated by the plate motions. 
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Partial melting at the hypocentral depths (30 to 40 km) is closely related to great 
earthquakes occurring in comparatively high heat flow zones such as the sea just south off 
the southwestern Japan. It is obvious from the thermal gradient curves in such high heat 
flow zones that temperature at the hypocentral depths approaches the melting point of wet 
peridotite. Under such circumstances the partial melting proceeds by the effect of some 
pressure decrease or temperature increase associated with the huge tectonic force acting on 
the rocks. The partial melting will yield some increase in volume. Consequently some 
stresses will be originated and added to the tectonic forces due to the mantle convection and 
other origins to trigger earthquakes. Changes in seismic wave velocities owing to the par- 
tial melting is calculated in this paper using the Lindemann’s equation based upon the Deb- 
ye’s theory of specific heat. 


I. Great Earthquakes in High Heat Flow Zones, and the Possibility of Partial Melting in These 
Hypocentral Depths 


In the great inter-plate earthquakes off Japan with hypocentral depth of 30-40 km, 
the subduction of the Pacific plate will act to drag down the margins of the main Japanese 
islands as part of the overlying plate. These great earthquakes are said to occur in the 
low heat flow zones. In this paper, we first question if this is always true or not. 

To examine this problem, we put the locations of epicentral areas on the heat flow 
maps (Fig. 1, Hayakawa and Iizuka, 1976). From this figure, it is clear that the great 
earthquakes have not always taken place only in the low heat flow zones. The Kanto 
(1923, “A” in Fig. 1), Enshunada (1854, ‘““B”), Tonankai (1944, “C’”’), Nankaido (1946, 
“D”) and Hyuganada (1968, “‘E”) earthquakes, all of them of the order of M=8, took 
place in comparatively high heat flow zones of 2.0 HFU or more beneath the Philippine 
Sea just off Japan in the southwestern half of the Japanese islands. 

On the other hand, the major earthquakes occurring beneath the Pacific Ocean just 
off the northeastern half of Japan are located in abnormally low heat flow zones averaging 
1.0 HFU. Nevertheless, it is still worthy of note that the depths of hypocenters in this 
area have been located at depths greater than those of the great earthquakes in the south- 
western half of Japan. This means that even in the case of the earthquakes in the low 
heat flow zones, fairly high temperatures can be expected at the hypocentral depths. 
However, in this paper the main purpose is to explain the mechanism of the great earth- 
quakes in high heat flow zones, therefore we shall leave this problem to some other chance. 

The curves showing the relation of temperature with pressure and the depth are given 
in Fig. 2 with melting temperature data (Hayakawa and Iizuka, 1976). In this figure 
M.T. means the melting temperature of wet peridotite, while (M.T.) shows the melting 
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Fig. 1. Locations of epicentral areas on the heat flow maps around Japan. Heat flow data by Uyeda 
et al. are included in Ref. (Hayakawa and Iizuka, 1976). 
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Fig. 2. Curves showing the relations of temperature against pressure and the depth. Melting data 
are also shown. M.T. data by Akimoto e¢ al. are included in Ref. (HayaKawa and Iizuka, 


1976). 


temperature of dry peridotite. 
is lower than M.T. 


Let us consider some examples. 


In the case of granite, the melting temperature M.T.g 


In the case of the earthquakes of Kanto, Enshunada, 
Tonankai, Nankaido and Hyuganada, the depths of hypocenters are roughly 30 km, and 


the heat flow values recorded on the sea floor are 1.5-2.5 HFU, therefore from the thermal 
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Fig. 3. Change in the longitudinal wave velocity with temper- 
ature increase. Refer to Refs. (IDE, 1937; Kumazawa ef als 
1964; Murase and Suzuki, 1966). ag, Asahi glass; t, lava 
of Volc. Tarumae; sa, lava of Volc. Sakurajima; sh, lava 
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gradient curves, it is obvious that the temperature in the hypocentral zone will approach 
the melting points of wet peridotite. Under such circumstances, partial melting will be 
possible in the hypocentral zone, assuming that there is some pressure decrease or tem- 
perature increase due to the existence of the huge force acting on the rocks. 

The partial melting will yield some volume increase. Consequently, some stresses 
will be originated, and such forces will be added to the original forces due to the mantle 
convection, causing earthquakes to take place. This idea was first presented by T. Matsu- 
zawa (Matsuzawa, 1964). During the time elapse through dilatancy, partial melting and 
partial recovery, the velocity of longitudinal and transverse waves and the ratio of these 
velocities will change. 


2. Calculation of Changes in Seismic Wave Velocities Due to the Partial Melting 


Let us consider the matters explained above a little more in detail in the following. 
The changes of seismic wave velocities can be obtained by synthesizing the following ex- 
periments. Namely, concerning the change in the longitudinal wave velocity with tem- 
perature, there have been many experiments as seen in Fig. 3 (Ipg, 1937; Kumazawa 
et al., 1964; Murase and Suzuki, 1966). In Fig. 4 (Murase and Suzuxt, 1966; Murase 
and McBirney, 1973; Brrcu et al., 1942), the reciprocal of incompressibility K is drawn 
on the ordinate, and the temperature on the abscissa. 

Putting the average values from Figs. 3 and 4 into Eq. (1) and by solving the simul- 
taneous equations (1) and (2) assuming density value 0, the transverse wave velocity can be 
obtained, as seen in Fig. 5. Consequently the ratio between the longitudinal and trans- 


verse wave velocities can be obtained. 
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Above experiments were made under nearly atmospheric pressures. Here, let us 
look at the relation of seismic wave velocities and pressure under room temperature. 
One of these experiments is seen in Fig. 6 (NAcumo, 1962). As the pressure increases, 
the curves become flat. By taking the velocity increase with pressure into consideration, 
Fig. 5 can be modified as seen in Fig. 7, applying the dotted line of Fig. 6. 

At this stage, let us consider the changes of seismic wave velocities under partial melt- 
ing. For example, we take here the Green’s experiment (Fig. 8, GREEN, 1972). This 
figure shows the plot of percentage of melt against temperature at approximately 15 kbar 
for pyrolite composition under anhydrous and hydrous conditions. 

Now, it is clear and important that the solidus temperature for each material con- 
sisting pyrolite increases as the melt percentage increases. Converting these elements to 
the response of seismic wave velocities, let us apply here the Lindemann’s equation between 
melting temperature and seismic wave velocities, which is based upon the Debye’s theory 
on specific heat. 


Fig. 5. Change of seismic wave velocities with temperature in- 
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Fig. 7. Change of seismic wave velocities with temperature in- 
800 1000 200 °C crease (2), taking the pressure effect into consideration. 
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Lindemann’s equation: 


To =CM x 


1 9 \2/3 
( 7s ys 


where T’,,, C and M are melting temperature, constant and atomic weight of the material, 
and V, and V, are longitudinal and transverse wave velocities, respectively. 

It is very clear that when the melting temperature increases, the denominator must 
decrease. Consequently Vp and V; must increase. At a glance, it may seem queer that 
the velocity increases with melting, but after careful consideration, it is found reasonable, 
because the gradual increase of melting temperature corresponds to the solidus temperature 
increase for the different materials consisting of pyrolite. Now, applying these results, 
assuming the ratio of Vp to V, is maintained, we find that the velocity change with tem- 
perature becomes high after the start of the partial melting as the solid lines in Fig. 9. 
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Fig. 9. Change of seismic wave velocities by progressive partial 
melting, based on the results of Fig. 8. The dotted lines are 


00 ~=/000 1200 °c the same as in Fig. 7. 


3. Consideration for the Velocity Change of the Bulk Which Contains the Melt Using Solid-Liquid 
Mixture Model 


However, strictly speaking, in the above calculation, the effect of the seismic wave 
velocity of the melt was not taken into consideration, therefore let us consider here on the 
velocity of bulk which contains the melt by using a solid-liquid mixture model. 

The total volume V can be written with the following equation, 


V=V+V 
where V and V are the volumes for solid and liquid parts, respectively. Assuming that all 
the pores are filled with liquid, the porosity n can be expressed with 


n=V/V- 
The bulk modulus K and density p of this media becomes 
] (1—n) n 
Roe ke ae a 
and 
p=(1—n)p-+np (4) 


consequently, the longitudinal wave velocities for such mixed model, can be written as 
follows, 


Vea Me) a Voy Sloe Wea gt (6) 
where V,, V,, V, are the longitudinal wave velocities for the total, solid and liquid parts, 


respectively, and f(c) is written by 


f(a)= 
From Eqs. (3) and (5), the following equation is obtained, 


Uh Ne ce EEO) NG ee I) 
0 V2 0 nn) Vp2 
In the numerical calculation of this equation, assuming the values of density and Pois- 


son’s ratio as 


(GaAssMANN, 1951). (6) 


b=2-9, p=—2-6, d—lit, eal )2 
then, from Eq. (6), the values for f («) and f (a) become as follows 
f(o)=1.8,  f(e)=1 
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Fig. 10. Modified figure of Fig. 9, when the velocity of melt is 
— taken into consideration. Refer to Ref. (Iizuka and Haya- 
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consequently, f (¢) can take the values between | and 1.8. 
Under the circumstances before the partial melting starts, 

n=0O,namely f(c) = /f(c) = 1.8 
while for the total melt, n=1, namely f(c) = f(¢) = 1. 

Figure 10 shows the results of this calculation, that is the relation of longitudinal wave 
velocity and melting temperature with progressive partial melting. Curve 1 shows the 
velocity change in solid part, curves 2-5 show the velocity changes in the partial melting 
media in the case of V>=5, 4, 3, 2 km/sec, respectively, and curve 6 corresponds to the 
experimental data as already shown with dotted line in Fig. 9. 

This figure shows that the tendency obtained in the solid line of longitudinal wave 
velocity after partial melting starts in Fig. 9, will not contradict with the case when the 
velocity of the melt is taken consideration, unless the wave velocity in liquid part is very 
low as less than 3 km/sec. 


4. A Mechanism to Explain the Great Eearthquakes in High Heat Flow Zones Applying the Pro- 
cess of Partial Melting 


If we suppose here that the area in question was under high temperature but slightly 
below the melting at the beginning, and the temperature has gradually increased to start 
the partial melting by diapirsm or by the pressure decrease due to the dynamical force, 
the abscissa in Figs. 9 and 10 may correspond to the time elapse factor. 

On the other hand, as the partial melting proceeds, the volume increases unless the 
rock has excess HzO. We can, then, estimate the stress increase accompanied by the 
volume increase, and earthquakes will take place at slightly shallower part than this area. 
Of course, in this case, the direction of brittle fracture will be affected by the geological 
structures of the area. 

It will be difficult to explain the occurrence of such earthquakes with focal depths of 
30-40 km by only the dilatancy mechanism, since there will be some limits to the down- 
ward penetration of water. In contrast, the deeper the location of hypocenters, the more 
significant will be the thermal effect. 

Comparing the mechanism of earthquake following the process of partial melting, 
with the velocity changes explained above, it can be thought as follows. Due to the time 
elapse, the longitudinal and transverse wave velocities, and the ratio of these velocities 
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first show the decrease, and then they show the recoveries and then, earthquake takes 
place at some stage. 

We would like to continue this work quantitatively to make clear the mechanism of 
earthquake occurrences, which are related, in our opinion, not only with the dynamical 
force due to the plate subduction, but also with the thermodynamical elements, especially 
the process of partial melting of the uppermost mantle. We are also trying to find the 
practical field examples to make clear this relation. 


We would like to express our thanks to Prof. S. Uyeda and Prof. K. Kobayashi for reading the manuscript 
and for valuable comments to improve it. 
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The intermediate and deep earthquake zone comes into existence under the condition 
that the continental side upheaves and the oceanic side subsides, judging from the geologic 
development of East Asia including the Japanese Islands since the Mesozoic age. 

The authors try an experiment by F.E.M. to examine the internal condition accom- 
panied by the vertical movement in the deeper part of the earth and explain the geologic 
development of East Asia including the Japanese Islands and the earthquake zone. 


1. Introduction 


It has often been pointed out that the geologic development of East Asia was inti- 
mately related to that of the Japanese Islands (Minato e¢ al., 1965). The intermediate 
and deep earthquake zone runs parallel to the island arcs and dips away from the trench 
toward the Asiatic continent. The tectonic and igneous activities of East Asia including 
the Japanese Islands since the Mesozoic took place parallel to the zone. ‘These phenomena 
suggest that the geologic development of East Asia should be explained in relation to the 
intermediate and deep earthquake zone. 

In this paper the authors propose a model to explain the formation of intermediate 
and deep earthquake zone in relation to the geologic development of East Asia since the 
Mesozoic age. They tried an experiment to explain the internal condition accompanied 
by vertical movement situated at deep place in the lower mantle beneath the region. 


2. Geodynamic Process 

The paleogeography during the Late Paleozoic period showed that marine geosyn- 
clinal environment prevailed on China and its adjacent areas, including the Japanese 
Islands (Minato et al., 1965). Then the sea regressed from East Asia toward east and 
south, and inland basins filled with thick nonmarine clastic sediments deposited there 
during the Mesozoic period. On the other hand, marine geosynclinal condition existed 
successively along the outer zone of the Japanese and Rhyukyu Islands. The transitional 
zone between them was in shallow marine, brackish and fresh water environments. 

These movements were accompanied by intense volcanism of andesites, dacites and 
rhyolites, and intrusion of granitic rocks in the area from the inner zone of the island arcs 
to the East Asiatic continental region. The geosynclinal region along the outer zone of 
the island arcs were intruded by basalts and serpentinites. 
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Similar tectonic and igneous activities were repeated at the those areas throughout 
the Paleogene age. 

In the middle of the Tertiary, intense faulting, which was accompanied by andesitic, 
dacitic and rhyolitic volcahisms occurred along the island arcs, and then geosynclinal 
subsidence took place. In the continental region, Neogene and Quaternary basins were 
formed and filled with nonmarine clastic sediments. Alkali olivine basalts intruded and 
flowed out on the area from the inner zone of the island arcs to the continental region. 

In the Quaternary age, the island arcs began to uplift into mountain ranges and 
volcanic zones appeared there. 

Sedimentary basins which have been formed in the continental region of East Asia 
since the Mesozoic age are characterized by very large and gentle undulated structures 
which are steeply inclined and often cut by thrust faults along their margins. On the 
other hand the island arcs region is marked by steep folds and thrust faults. 

As is well known, the intermediate and deep earthquake zones run parallel to the 
island arcs and dip away from trenches toward the continent. ‘The Mesozoic and Ceno- 
zoic crustal movements and igneous activities take place parallel to the earthquake zones, 
and their width reaches more than 2,000 km (Fig. 1). 

These facts show that the earthquake zones have come into existence under the con- 
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Fig. 1. The outline of geology of East Asia and the 
isobath lines of the intermediate and deep earth- 
quake zone. 1, Tertiary and Quaternary basins; 
2, Tertiary volcanics; 3, Tertiary and Quaternary 
alkali olivine basalts; 4, Mesozoic basins; 5, Meso- 
zoic and Paleogene volcanics; 6, Mesozoic and 
Paleogene granites; 7, Marginal sea; 8, Trench. 
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Fig. 2. The initial stress state under the gravity field. A, principal stress value; 
B, orientations of principal stress; C, physical parameters for layered earth, 
calculated after BULLEN (1965). 


dition of uplift of the continent and subsidence of the ocean. The authors think that 
its great width is resulted from very deep process in the earth, so they tried to study the 
internal condition due to uplift and subsidence on the surface of the earth’s core. 


3. Tectonic Model 


According to the geodynamic process mentioned above, the authors modelled crust 
and mantle by means of two-dimensional plane-strain finite element approximation. 
The model is perpendicular to the marginal tectonic zone of the Asiatic continent, and 
a quardrant of the earth with a depth of 2,900 km (Fig. 2). 

The crust and mantle are divided into six layers, each of which is assumed to behave 
as perfect plastic material after a slight elastic deformation. Elastic parameters and yield- 
ing limits are given in the table of Fig. 2 after BULLEN (1965). 

Non-tectonic initial stresses are obtained when all elements are deformed toward 
the earth’s center by their own weight where displacements at the points on the core’s 
surface are restricted to zero. The directions of maximum compressive stress are hori- 
zontal in the shallow part, but vertical in the deeper part of the mantle (Fig. 2). Though 
the magnitude of deviatric stress is far less than that of confining pressure, it has important 
effect upon the applied tectonic stress distributions. 

Various kind of vertical deformation are applied on the surface of the core according 
to the geodynamic process mentioned in the previous section. 


4. Numerical Results 

Figure 3 shows the deformation of the earth’s surface when the surface of the core is 
displaced up to +8 km in vertical direction. Vertical displacement on the earth’s surface 
reach 6 km and a wide flexural zone is formed in the mantle. _ It is noticeable that such 
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Fig. 4. Principal stress trajectories. Contour lines show the change of mean stress. 


a slight displacement on the surface of core gives rise to considerable deformations in the 
mantle and on the earth’s surface. 

The distribution of shear strain is also shown in the figure. One of two maxima of 
shear strain occurs on the step of deformation of the core and the other around the up- 
ward concave hinge of the earth’s surface, so a continuous shear concentrated zone is 
defined by connecting the greatest parts of shear strain at each depth (shaded zone in 
Fig. 3) as pointed out already in the previous paper (Kopama and Suzuki, 1977). This 
zone is nearly vertical in the lower mantle but gently inclined in the shallow part less than 
1,000 km in depth. It might correspond to the intermediate and deep earthquake zone. 

Three principal stresses are compressive, though the horizontal stresses are reduced 
near the surface of the uplifted region. Figure 4 shows that the maximum compressive 
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stresses are horizontal in the subsided region, vertical in the uplifted region, and inclined 
in the transitional region between them. The maximum compressive stress runs obliquely 
to the shear zone near the earth’s surface, while they are inclined and parallel to the shear 
zone in the lower part more than 400 km deep. These stress distributions are compared 
with those deduced from P-wave radiation pattern under the Japanese Islands and their 
neighbours (IcH1kawa, 1971). 

The change of confining pressure is also shown in Fig. 4. It shows that the progress 
of vertical deformation is accompanied by the formation of dilatational area under the 
uplifted region, and increase of confining pressure under the subsiding region. When 
the surface of the core is uplifted +8 km, dilatational area reaches 1,500 km in depth and 
pressure decrease amounts to 5 kbar near the convex hinge of the earth’s surface. 


5. Discussions and Conclusions 


As stated above, the strain and stress distribution in the uplifted region are in a striking 
contrast to those in the subsided area. The uplifted region is characterized by horizontal 
extension and release of confining pressure. These conditions might result in the formation 
of large graben and horst structures and intensive volcanic activities near the earth’s 
surface. They are just the geologic phenomena in the marginal region of the Asiatic conti- 
nent since the Mesozoic age. On the contrary, stable tectonics may be attributed to the 
increase of confining pressure throughout the subsided region as in the Pacific Ocean. 

The topography of the transitional zone, which consists of marginal seas and island 
arcs, is too complicated to be compared with the corresponding part gently deformed on 
the model. It may be due to some shallower tectonic conditions caused by the deep 
process. Figure 5 shows a model in which the boundary displacements are applied at 
depth of 1,000 km and the width of flexural step is narrowed. Such flexural step may be 
expected within the shear concentrated zone in the former model at the advanced stage 
of core’s deformation. It might be the case of local deformation such as the island arcs 
including the marginal sea. 

Kauta (1969) showed a map of the earth’s gravity anomalies based on a combination 
of satellite data and terrestrial gravimetry. He examined the relation between tectonic 
classification and main feature of the earth’s gravity and pointed out that dominant 
gravity positive are markedly associated with recent geologic activity, especially in the 
trench and island arcs. Kaula considered that these global scale gravity variations were 
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Fig. 5. A modified model to explain the formation of island 
arcs and marginal sea. 
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caused by upper mantle density variations which may be due to thermal expansion and 
contraction, or some lateral transfer of mantle material. 

It is noticeable that mild but substantial positive anomalies distribute along the Circum 
Pacific orogenic belt and gravity deficiency appeares in the north west or north east Pacific 
Ocean in the Kaula’s map (Fig. | of Kaura, 1969). These worldwide gravity anomalies 
may be supposed to be caused by the tectonic deformations in the deep part of the lower 
mantle during long geologic period as the present model. 

According to the model, the intermediate and deep earthquake zone correspond to 
a potential zone where shear strain is the highest at each depth and many fractures are 
expected to occur. Nacumo (1972) discussed the high-Q, high-V properties of the deep 
seismic zone (Utsu, 1971) and explained them by the saturation of the pore/crack space 
by HzO and/or magma. The presence of these conditions may be explained reasonablly 
by the present model. 

In this paper the authors propose a model in which the formation of intermediate 
and deep seismic zone and geodynamic process near the earth’s surface are explained by 
simple vertical movement in the deep beneath the lower mantle. It is hoped that this 
somewhat tentative model will assist in more analytic interpretations of the tectonics of 
Japanese Islands and adjacent areas. 

This paper lacks in the discussion of the cause of deformation of core-mantle boundary. 
Some convective current or thermal expansion in the outer core may be supposed to result 
in such boundary deformation; but precise discussions will be done when the relation 
between the deep tectonic process and surface geology or extent and magnitude of deep 
deformations are examined more distinctly for the future. 


The authors express their sincere thanks to Prof. Yukinori Fujita, Niigata University and Prof. Shozaburo 
Nagumo, the Earthquake Research Institute, University of Tokyo for offering many valuable suggestions. 
They extend their thanks to Mrs. Kazunori Kobayashi and Masahiko Tsuboi for numerous calculating works. 
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Auroral Precipitation (M. AsHour-ABDALLA and C.F. Krennex)/Electromagnetic Plasma 
Wave Emissions from the Auroral Field Lines (D.A. Gurnert)/Theory of Electromagnetic 
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